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Principles of Automating Control Systems 
M., Voyenizdat, 1971 


This book is one of the first works in which the 
principles of forming automated systems for controlling 
the combat operations of air defense forces are 
systematically presented using modern mathematical 
methods. It is written using the materials of the open 
domestic and foreign press. 


The book examines the problems of algorithmizing 
the processes of radar data processing and the methods 
of realizing these algorithms with the aid of digital 
computers. Considerable attention is paid to methods 
of mapping and transmitting information over communica- 
tion channels, as well as to problems in the practical 
performance of the basic elements of automated control 
systems [ACS] (ACY). The stated material is explained 
by examples. 


The book has been dependent on engineers who deal 
with the development, testing and operation of ACS in 
air defense forces. It can be used by the cadets of 
military academies, by academy students and by the 
students of technical colleges for study on the 
principles of ACS formation. 
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PREFACE 


In recent years requirements for the operational efficiency 
of controliing the combat operations of the air defense forces 
have been continuously rising in connection with the increase 
in weapon power and in speeds of delivering them to attack 
objectives. These requirements are becoming all the more urgent, 
that the shortage of time to use active combat means to intercept 
end destroy aerial targets is feli all the more distinctly. 


The accomplishment of the indicated requirements became 
possible because of wide adoption by the air defense forces 
of digital computer technology which in turn ted to the creation 
of numercus autometed control systems [ACS] (ACY). The operation 
of ACS requires of specialists a knowledge not oni, of the 
principles of radar, electronics and computer technology, but 
also a knowledge of the queueing theory, the theory of games, 
linear and dynamic programming and the statistical decision 


theory. 


This book attemps to systematize the materials on the 
principles of ACS formation. 


Chapters 1-8 and 10 are written by A. N. Romanov and 
G. A. Frolov. Chapter 9 is written by M. M. CShokurov. 
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CHAPTER 1} 


PIA eat A aN Fo. 


PRINCIPLES OF AUTOMATING THE CONTRCL 
OF AIR DEFENSE FORCES 


1.1. General Concepts of Control 


In general, control is that organization of one or another 
process which ensures the achievement of determined objectives. 
D2velopment in electronics and computer technology 12d to the 
incorporation of automation into almost all areas of human 
activity. Today, control engineering automation are the 
principal direction in the development. of all technology. 
creating mdchines which perform certain functions of the human 
brain, in particular those which control various complex processes, 


The era of 


has come. 


For a better understanding of the basic principles of control 
let us examine, for example, the process of controlling an 
airc: aft. The pilot sees an instrument panel in front of him. 
and determines course, speed, and flight altitude by the 


He decides to change any of the parameters on the 


instruments. 
By analyzing the 


basis of these data and the assigned mission. 
control process, it is possible to distinguish the following 


basic elements. 


- information on the problem of contro? (in our example, 
the information on the required heading, speed and flight altitude 
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of the aircraft) and on the results of the control (the pilot 
sees, observing the instruments, where, at whet altitude and 
with what speed the aircraft he is piloting is flying); 


- analysis of the information obtained by him and on 
the basis of this making a decision on the needed control actions; 


- performing the made decision. 


The three elements indicated comprise the principle of iny 
control. In accordance with this, to organize the control process ., 
it is necessary to have sources of information on the problems 
of control and the results of controi, units for analyzing the 
obtained information and developing a solution, and also 
actuating units for controlling an object. 


In the organization of the control process a large (and 
sometimes a decisive one too) role is played by the information 
on the results of the control. With this information the 
decision on the controlling actions depends substantially on 
the results of the control. A closed circuit results: the 
reason which causes the change in status of the control object 
is placed in dependence on what kind of result it causes. Such 
a connection of cause and effect is called feedbach. The 
principle of control using feedback underlies the overwhelming 
majority of control processes. 


In order that the information can be used in the control 
process, in the majority of cases it must acquire a waveform, The 
signal form of the information is distinctive characteristic of 
the control processes. In other words, it can be said that 
control is the conversion of the information into signals which 
correct the activity of the control object. 
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The combination of all the units which ensure the control 
of any object is called the control] system. If the functions 
of ali tie clements of a control system are performed by 
various systems without the direct participation of a man, then 
system is called automatic. For example, the autopilot which 
controls the flight of an aircraft, the system for guiding a 
surface-to-air guided missile to a target, the automatic tracking 
of an aerial target by « radar station, etc., can be attributed 
to such systems. 


In a number of cases the complex control process is performed 
by a man (sometimes a group of people) with the aid of various 
autcmatic system. Such a control system is called automated. 

A system for controlling the combat operations of troops, which 
contains a complex of automatic systems, computers and personnel, 
whicn gather and process information and which develop the 
initial data for decision making by the commander, can serve 

as an example of an automated control system [ACS] (ACY). 


When studying the control process it is necessary tc examine 
joint operation, as well as the interaction of the control system 
and the control objects, which form a complex dynamic system. 


In some cases the problem of control is the guarantee of 
stability of some physical quantity. This particular form of 
control is called regulation. An automatic control system which 
ensures regulation is called a regulator, and a system consisting 
of a regulated object and a regulator is called an automatic 


regulation system. 


Summing up what has been said, it can be said that any 
control is accomplished on the basis of regulating the process 
of converting the information on the status and functioning 
conditions of objectives into signals which guarantee either 
retaining the status of the object or reducing it in conformity 


with the program. 
FTD-MT=24 -1 341-72 
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The control processes are inherent to systems of biclogical 
and social order, as well as to systems artificiaily created _ 
by man (machines , mechanisms). It is acceptable to distinguish 
three basic areas, spheres of control: controlling the activity 
of human associations which decide one vr another problem; 
controlling the processes which occur in living organisms; 
controlling systems of machines, teéechnologicai processes and 
processes in general which take place under the purpcseful 
influence of man on nature. 


The control process is considered to be studied, if it is 
possible to reprorluce all the conversions which occur in a 
system under the effect of control signals, as well as to 
reproduce the sequence of developing control signals. Such a 
system of instructions, which is expressed formally, 1s called 
the algorithmic description of the control processes. The 
algorithmization cf the control processes is one of the major 
problems, since it makes it possible to develop optimum methods 
of control. 


.e. Essence of Centrolling the 
Combat Operations of Troops 


Continual supervision directed toward the accomplishment 
of azrsigned missions on the part of the commanders and echelons 
of the activity of troops subordinate to them is what is meant 


by controlling the combat operations of troops. 


Controlling troops in combat consists of the timely and 
steady execution of measures which ensure thorough training, the 
careful organization and the successful performance of combat 
missions by all subordinate forces. Troop control includes the 
following stages: gathering information on the situation, 
evaluating it and drawirg conclusions in the light of the 
assigned mission, making calculations, making decisions and 






















ee 
ys 





Se Se AT SAG, SEE ETIET TE RE FLEE S e  e  ee eT e ne Meg iy mn 


emp aren eh TERM SIR ILE ONDINE LOPLI, FLEE LOO LOLI LE ALLE LOE LOI OE LAS ONL LOLA DDS AEE LOLOL AAA, FLA 


bringing them to the executors, checking the actions of the 


“executors, and adjusting decisions when the situation changes. 


Consequently, 211 the basic processes of controlling troops 
are connected with gathering, processing and transmitting 
information. 


The information necessary for troop control is called 
operational-tactical information, which is usually divided into 


_ three groups. 


The first group 1s comprised of data on the enemy, the 
status of their forces, etc. This information, which 
characterizes the snecified current status of the system is 
status information. 


The second group includes the rules by which the status 
information is processed. In practice, this is the tactics 
stated in manuals and regulations, and the combat experience 
of the commander making the decision. 


Finally, the third information group is comprised of the 
decisions which the commander makes on the basis of analysis of 
the status information. These decisions or commands are called 
control actions or command information. 


Thus, troop control during combat operations can be defined 
as the conversion of status information into command information 
conformity with the algorithms of control. 


The closed cerntrol loop in the military system is given in 
Fig. 1.1. The control element here is the commander and his 
staff; the control objects - the subordinate forces; the 
environment ~ the enemy and other factors of the situation (for 
example, terrain, meceorological conditions, etc.). 
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Pig. 1.1. Closed contriul loop in the military 
system. ; 
KEY: (1) Command information; (2) Enemy; (3) ee 
Control element (control pc«t); (4) Active 
‘means of acticn against the enemy: (5} Sources 

of information; (6) Convrol cbject (own forces); 

(7) Environment - military geographical 

conditions; (8) Status information. ! 
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By a complex dynamic system is meant a closed-lcov system 
made up of interconnected and interacting control elements and 
control object. A control system can be multistage and consist 
of & number of subsystems. 


If we examine an air defense system as dynamic (Fig. 1.2), 
its subsystem will be the air defense areas which in turn are 
divided into air defense sectors with operational guidance 
centers. The active means of air defense (radar aids - radar 
sites, interceptors, and SAM sites) will be the control objects. 


The operation of this system can in the first approximation 
be described in the following manner. Radar aids acquire infor- 
mation on the air enemy and transmit it to their operational 
guidance center, from which the information in sequence goes into 
the air defense area and finally to the control post [CP] (ny) 
of the operational center of NORAD (North American Air Defense 
Command). 
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At the control post the information obtained from all 
radar aids is generalized and a decision is made as to what | 
active means in a particular air defense area should destroy 
the aerial targets. The appropriate command information is 
transmitted to the selected air defense area. 


The decision (what kind of or by which air defense sectors 
will the assigned aerial targets be destroyed) is made in the 
operations center of the air defense area and the appropriate 
commands are issued at the operational guidarce centere of these 
sectors. | 


The specific active means which will ne directed to the 
aerial target (interceptor guidance or acquisition SAM guidance 
radars) is assigned at the operational guidance centers. 


Figure 1.2 graphically shows the multistage structure with 
the rather complex connections. 


The sharp state of conflict of situations and the armed con- 
flict of two enemies, whichis controlled with determined goals, 
are the basic feature of military dynamic systems, which dis- 
tinguish them from the dynamic systems of other areas of 
application. During the control of combat troop operations 
special importance is gained by the feedback which makes it 
possible to adjust control actions, depending on the nature of 
actions of the enemy. 


Hence, the essence of controlling combat troop operat: as 
can be formulated as a chenge in the input parameters of the 
military dynamic system to purposefully change its status. 
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Fig. 1.2. The structure of the air defense system 
of the USA. 


1.3. Requirements Set Forth for 
Systems Controlling Combat 
Operations of Air Defense Forces 


As is known, the tasis of the striking powers of the 
armies of imperialistic nations is Strategic missiles. At the 
Same time the improvement of piloted air attack weapons continues 


abroad and new methods of using nuclear missile weapons are 
practically mastered. 


The future development of air attack weapons (increasing the 
Speeds, ceiling and flight range of Strategic bombers, the 
capability for mass air attack, etc.) and the tatics of their 
use require the development of new methods and means of 
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operational troop control, which currespond to modern methods of 
conducting combat operations. 


_ A study of the materials on military training exercises 
being carried out by the armies of imperialistic nations, the 
reports of military specialists, and analysis of their tendencies 
in modern armament development reveal the features of future 
combat operations, which can be determined by the euddenne se >> the 
decisive actions and the high oe ona of cre os 


The basic requirement set forth for comb at operations 
control systems is the timeliness of decision raking for 
directing the active means and transmitting commands to the 
executors. The time spent on the control and execution of 
commands can be presented in the form of summing up the following 
components: 


where T ane the time spent on the control and execution of 
wep commands ; 


t 56 - the time of processing and transmitting status 
P information (for example, processing the signals 
of radar sites); 


t Baim the time necessary to understand the situation 
P and to develop a solution; 


oe - the time of forming and transmitting command 
P information to the executors; 


eae - the readiness time for active means and the time 
they take to perform the necessary actions. 


The first three terms comprise the action time of the 
control system, and the fourth - the action time of the executive 
agencies. With constant Tynp an increase in the action time of 
the control system reduces preparation time and action time of 
the active mear.>, which in a number of cases is inadmissible. 
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Hence, the need follows to increase the high-speed control 
systems. This is reached, in particular, by automating it. 


The systems for controlling troops should ensure timeliness 
in the inflow of information about environmental conditions and 
events, since the problems of gathering and processing the 
information and transmitting it to the different links in the 
military control systems are paramount for the control process. 


Control systems must also ensure rapid analysis of the 
situation and making the necessary calculations for decision 
making. Furthermore, control systems must rapidly bring the 
decision made by the commander to the executors and must con- 
tinuously monitor the actions of the controlled forces and means. 


Hence, troop control systems have the following basic 
requirements: 


- the capability to timely bring all elements of the 
system into combat readiness, beginning with lowest and ending 
with the highest control link, in order to ensure the execution 
of the troop combat missions; 


- solving control problems with the sufficiently effective 
realization of thm by troops in the shortest possible time; 


- the high reliability of the control system, its 
ability to ensure continuous control of forces under any conditions; 


- the quickness in reacting to a change in the situation; 


- the capability of ensuring the efficiency of the control 
system upon the creation by the enemy of a different kind of 
jamming, 1.e., the ability of the system to separate the useful 
information against the background of strong *~*erferences in 
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an amount sufficient to decide combat missions; | 8 


- the close interconnection betveen the different elements 
of the system and the capability of interaction between them; 
this to a considerable degree determines the viability of the 
control system and makes It more flexible when solving the 
problems of target-distribution and dcstruction of aerial targets. 
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‘Let us analyze these requirements in the example of an air 
defense system. Upon an air enemy attack the following must be 
brought into combat readiness: all links of the system, beginning 
with the lowest and ending with the highest, i.e., the entire 
radar system from the individual radar stations to the largest 
points for gathering and processing radar information; all 
active facilities, teginning from the individual antiaircraft- 
missile and fighter units and ending with the largest control 
posts which coordinate conducting combat operations in the 
entire territory being defended. 
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All of these links must begin to function before the attack-_ 
ing side can begin to perform its combat mission (1.e., before, 
for example, enemy aircraft can launch missiles of the "air-to- 
ground" class, or before bombs can be dropped from aircraft). 


In this case it is necessary to bear in mind that the chief 
purpose of air defense forces is the destruction of an air 
enemy even before it performs its combat mission. Thus, for 
timely destruction of an air enemy it is necessary to first of 
all organize air reconnaissance to a specified depth. Thus, 
the minimum reconnaissance depth for antiaircraft missile units 
must ensure the detection of serial targets at distances which 
make it possible to determine the national identity of the 
targets and their characteristics, to evaluate the air situation, 
to make a timely decision for conducting combat operations and 
to state the mission to subordinate units for the Ccestruction of 
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the targets at the far boundary of the strike zone. 


A successful solution to the problems of control primarily 
_ depends on whether the control system is automated or not and 
what the degree of its automation is. Undoubtedly, with an 
automated system the time for solving the problems of control 
is reduced considerably. 


The requirement for the high invulnerability of the system 
to jamming requires such information processing during which as 
the ability of the system to extract the useful information 
against the background of strong interferences would be sufficient 
for deciding the combat missions. . 


The need for the cooperation of the different elements of 
the system is easy to illustrate by a simple example. 
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The defended object is attacked by two bombers.:. The object 
is defended by antiaircraft missiles and interceptors. In this 
case the missiles and fighters can simultaneously destroy only 
one bomber. The mission is that of rationally dispersing the 
forces of the antiaircraft-missile and fighter unit to the two 
targets, i.e., concretely determining which combat device, when, 
on which line of defense should a specific target be destroyed 
i while not alloying the bomber to get to the objective. 


The performance of such a task is impossible without the 
close cooperation of subdivisions or units of antiaircraft 
missiles and fighters, which shouid be carried out under the 
direction and control of a su 2ricr commander. Without the 
effective control of the different forms of combat devices a 
modern troop control system is unthinkable, since the lack of 
effective control, as a rule, leads to a disruption in performing 
4 the combat mission. 
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1.4. Characteristics of Air Defense 
Forces and the Need for Automating : 
the Control of Their Combat Operations 


Air defense forces are called to achieve reliable defense of 
the airspace of an area of the country. The forces perform their 


own miasions, destroying the aircraft and Pllotless air attack 
weapons of the enemy. 


Aa intricate complex of various forces and means with 
different peculiarities and capabilities is required to success- 
fully combat an air enemy. This is necessary, because the 
process of warding off an air attack includes a number of 
actions (different in nature and methods of execution), such 
as detecting an air eneny, identifying it, determining the 


rgets by radar sites and 
In accordance with this, the air 
defense forces consist of units and Subdivisions of antiaircraft 
missile, interceptors, radio aids and means of communication. 


the defended objects, They 


Antiaircraft-missile units and 
Subdivisions are armed with antiaircraft mi 


capable with sufficientiy great effectivene 
plloted and Pliotless air attack weapons bo 


remote routes of approach to the defended o 
Prange of altitudes. 


are the basis of air defense. 


Ssile complexes, 

8S to destroy modern 
th on near and on 
bjects over a wide 


Interceptors are also intended for the destruction of an 


They are armed with "air-to-air" missiles, Interceptors are 


the most maneuverable means of the air defense forces, 
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Radio aids are intended fer the detection of air targets, 
their identification, determining their coordinates and their 
: -Pparameters of movement, as well as for the radar support cf 
be antiaircraft-missile and fighter units. To perform their tasks | 
: _ they have radar detection aids, as well as means of. warning, , 
controlling and communication. 
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.Suecess in warding off air attack weapons depends much on 
timely detecting them, warning the air defense forces about the a 
beginning of an attack, rapidly getting them into readiness to. 
ward off the air penetration and the continuous control of the . “ 


combat operations of units and subdivisions. 
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The latter is accomplished only with the maximally possible 
automation of the processes of gathering and processing informa- 


nines 


tion at command posts, as well as autumation of the processes cf 
controlling the active facilities. In this case by control 
are meant all processes connectéd with obtaining data for 
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Geveloping and making a decision dy the commander and the 
measures taken to realize the made decision. 


The need for automating the majority of operations in 
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athering and processing information, as well as for automating 
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the processes of controlling the combat operations of the 





acti.. means of air defense, is determined by the following 
factors. 


Air defense forces combat the most mobile offensive means 
having high flight speeds. Therefore, in order to be able to 
defeat an enemy even on the routes of approach to the covered 
areas or objectives, the active means of the air defense forces 
muss derive the combat missions in proper tire. 


Air attack weapuns have a long range. “~1s makes it possible 
for them to concentrate forces in one or c.v°~"2) directions, 
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‘When there are a large number of enemy aircraft and our own 
interceptors in the air and the combat operations are short-lived, 
only the use of automated control systems can provide the 
commander with sufficiently reliable data on the air situation, 
data which are necessary to him for timely adoption of 

expedient decisions and to rapidly bring the combat missions 

to the forces. | = ees 


There are means of automating control in all branches of 
the air defense forces. Even prior to the Second World War. 
antiaircraft artillery used Antiaircraft Fire Directors [AAFD] 
(MYA30). .In antiaircreft missile units large part of the 
operations connected with combat control is automated, and the 
missile guidance process is completely automated. 


Tne means of automating control penetrated comparatively 
Slowly into the radio engineering forces. This is explained 
by the complexity of problems in the automatic extraction, 
transmission and processing »f radar information. . 


Requirements for reducing the time of obtaining the initial 
data for decision making and for their authenticity have increased. 
However, the capabilities of man are limited. In the absence 
of control automation means the functioning of posts for control- 
ling troops was based mainly on the mental activity of combat 
crews. As is known, this mental activity is not rapid enough. 

An increase in the operating speeds of control post crews and 

in their handling capacity, true only up to a certain limit, is 
possible on account of the long training sessions and the 
increased numerical strength of combat crews. The radical 
improvement in the operation of control posts became possible 
with incorporation into the forces of electronic computers. 

In this case the most important elements of the combat operation 
are formalized (they are mathematically expressed in the form cf 
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algorithes); the programs are composed according tc the 
algorithms. Computers run the programs, giving upon output 
the solution for approval by the commander. 


~ 





; In connection with thisy there is a need for various units 
Ba RG which ensure the obtaining of initial data and their input into 
the computer, ss well as units for the output and mapping of 
results in a form convenient for rapid perception by the 
commander. ; 








The need for the wide complex automation of controlling the 
‘combat operations of the air defense system becomes clearer, if 
we enumerate the problems being solved in the process of 
ee <> mapping an air ‘attack. _ 
i 
; 


This situation can be simply presented in the example of 
covering a single objective by an antiaircraft missile unit 
Roe and by interceptors. To ensure the disposition of air defense 
} means, the Americans usually make the following calculation. 


Radar detects aerial targets at a distance of 590-600 km. 
In this case the detection and recognition expends up to 7 min. 
E In this same time the signal can be conveyed to fighter aviation 
airfields. At the 400 km line the antiaircraft missile units 
are warned. At the 250-300 km line the targets can be attacked 
by interceptors. Antiaircraft missiles are launched with such 
calculation that the rendezvous of the missile with the target 
will take place at the distant boundary of the kill zone of the 
antiaircraft missile site. rc 


It is clear that the time available at the dispcsal of the 
-commander, especially if the target is fast, is extremely limited. 
Without determining the measures which sharply recuce wasting 
the time to perform assigned missions, the overall mission - the 


destruction of aircraft at established lines - can be performed. 
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As one of such measures it is advantageous to use a high-speed 
automatic (or automated) control system. 


In summary, the following conclusions can be drawn. 


1. An air defense system is an intricate com lex structure 
in which the numerous information, material and energetic flows 
requiring coordination and regulation with a speed and accuracy 
sometimes inaccessible for man are interwoven. 
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2. The automation of control should reduce the time for 
transmitting and processing the information, the time Por 
evaluating the air situation and making 4 decision; it should 
automate target identification and guidance of active means, 
as well as to reduce the periods for bringing the made decisions 
to troops and of obtaining information about their combat 
operations. 
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Hence, it 1s primarily advintageous to automate the following 
processes: 


- the extraction and transmission of data on the air 
situation from radar stations; 


- the reception and processing of radar information from 
various sources; 


- the derivation of information to graphically represent 
the air situation and the dynamics of comcat; 


- the gathering, generalization and mapping of information 
on the combat readiness of forces; 
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- the development of initial data to make a decision on 
warding off the air penetration of an air eneny; 


- target identification and the guidance of active means. 


1.5. Basic Principles of Forming 
Automated Control Systems 


Each of the just enumerated processes can be automated 
according to their own peculiarities with the aid of various 
technical equipment. In this case a definite effect in refining : 
the quality of control can be achieved. 


It is natural that the greatest effect from the automation 
of control will be obtained when the automation of all control . 
processes will be interconnected in such a way that one process 
proceeds into another, without creating difficulties and 
inhibitions. Only in this case will the automation of control 
bring the greatest success. 


The control automation with which all the basic coutrol 
processes are automated to a necessary degree and their 
automation is mutually connected is called complex automation. 
Precisely, such automation of the processes is progressive, 
facilitating increased control effectiveness. 


It is considered to be necessary to develop complex automated ‘ 
control systems to achieve complex automation for controlling 
military dynamic systems. . 


By a complex automated control system is meant the set of 
technical equipment and personnel united in a complex of the 
interrelated control loops and providing the necessary tempos 
and the spatial coverage of the sphere of contro? on the basis 
of the coordinate automation of the control processes according 
to the accepted organization of its forces e~d their control scheme, 
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It has the following elements in its composition: 
- means for the extraction of information; 


- cemmunication channels which ensure the transmission of 
information from its extraction sources to processing points; 


- facilities of control posts which generate the processing 
of information and the development of control actions - commands; - 


no cm i na Lara ar ADS ORIN CR Sita genset ee ok morn wre * 


- communication channels which ensure the transmission of 
command information to the objects of contro] and information 
on their status to the control posts; 


- control posts for the subordinate forces. 


The simplified circuit for controlling the "Sage" air 
defense forces of the USA can be given as an example of a complex 
automated control system. 


The composition of the system (Fig. 1.3) includes numerous 
and various devices pertinent to the control technique: radar 
sets, means of communication, electronic computers, and equipment 
for conversion, coupling and data input from the means of 
extracting the information into electronic conputers, graphic 
display equipment (screens, plotting boards and indicators), 
different commutating equipment and finally power sources. 


High-speed computers process status information into 

command information. They are the "brain" of all automated 

control systems, and only with their appearance did it become 
possible to create similar systems. However, it must be emphasized 
that some high-speed computers are insufficient for the creation 

of complex automated control systems. Without the various 

means of obtaining information (to them refer various range-only 
radars, altimeters, visual reconnaissance posts and others), 
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Fig. 1.3. ‘The simplified control system of the air defense 
forces "Sage" of the USA. 

KEY: (1) Automatic data transmission link; (2) Semi- 
automatic altimeter; (3) Long-range detection radar stations; 
(4) Air bases; (5) Patron aircraft; (6) Operational centers; 
(7) Patrol vessels; (8) Intermediate radar stations; (9) 
Guided missiles; (10) Flight plans; (11) Telephone and 
telegraph; (12) Meteorological data; (13) Keypunch machines: 
(14) Numerical data receiver; (15) Input equipment; (16) 
Information monitoring display; (17) Telephone communication 
with interceptors; (18) Computer; (19) Input drums; (20) 
Manual input; (21) Air situation displays; (22) Numerical 
data transmitter; (23) Mapping drums; (24) Mapping generators; 
(25) Output circuits; (26) Output drums; (27) Control equip- 
ment; (28) EVM-723 printer; (29) Memory unit; (30) 
Arithmetic unit; (31) Computer V; (32) Control panel; (33) 
Recorder mechanism; (34) EVM-723 Keypunch machine; (35) 
EVM-713 character reader. 


equipment for coupling them with the communication channels, 
communication channels, equipment for coupling the communica- 
tion channels with computers, the creation of a complex automatec 
control systems would be just as impossible as without the 
computers themselves. 
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Fig. 1.4. Structural diagram of the automat-d 
system for controlling the combat operations of 
: the air defense forces. 


The basic meens of extracting informaition in this system 
are the radar staticns which give out data on enemy targets. 
order that the information will be sufficiently reliable and 
will arrive in proper time, it is necessary to automate extraction 
of radar information and to convert it e form convenient for 
computer input. These operations are performed by automatic or 
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Let us examine a structural diagram of hypothetical automated 
system for controlling the combat operations of air defense 
forces (Fig’1.4), which forms a closed enntrol loop. 
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semi-automatic equipnent in the initial processing of radar ‘ | 
F 


The automatic extraction of data from radar sets and their 
automatic input into a computer fully automates those control 
circuits into which the radar stations come. Analyzing the 
information obtained from the radar stations and processing 
it are accomplished during the so-called reprecessing of radar r 
information. In an ACS a specialized computer, as a rule, does 
the reprocessing. It performs an extensive cycle of actions. | 
connected with the separation of useful signals from interferences 
and with determination of coordinates, novement parameters and 
a number of other characteristics of moving targets. 


The next stage is coding and transmitting the information. 
The computer-processed information is coded and proceeds over i 
the communication charinel to a specified addressee (to a control 
post) in the form of « message. As a rule, all the operations 
performed in this stage are fully automated. 


Information from all the units performing reconnaissance of 
the airspace, and the status information from their combat means 
is gathered at the confcol post. All of the information 
incoming to the control post should be generalized and is 
graphically represented. The generalization and analysis of 
the information coming in from various sources includes the 
tertiary processing of the information. 


In the ACS the functions of tertiary processing are per- 
formed by a specialized computer located at the control post. 
This machine must compiete the task of: decoding the message; 
comparing it with messages received earlier; supplementing the 
information on a given target or discarding this message 3 
bringing the information obtained in the message to a single 
origin time reading and to a single system of coordinates; 
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preparing» a target data card for delivery to the graphic display 
unit or. cy, Sees in the memory unit. 


The ee capable of distinguishing, separating and 
sifting out improbabl data by specialiy developed programs. 
During the composition of such programs, situations where the 
doubts in the accuracy and authenticity of the incoming and 
processed information can arise are determined in advance. The 
rules for isolating similar situations, sifting them out or 


increasing the authenticity of the information are also included 


‘in the program. 


Computers can be easily adapted also to display a graphic 
representation of the situation. They can distribute the 
information obtained on those or other objectives between the 
different display units, with consideration of their importance 
and scale, and they can fashion both symbols for the objectives 
and explanatory labels for them. 


The next stage in the combat operation of evaluating 
the control post is preparing the development of a decision on 
controlling active means. The problems of target assignments 
and target identification are solved here, i.e., active 
facilities best lock on the targets underlying destruction. The 
coordinates and parameters of movement for that target which 
must be destroyed are given to each selected active facility. In 
this case one or another means of action can be prescribed (the 
SAM method, the number and type of missiles, the route of 
interceptor movement to the target, etc.). All of these 
problems can be successfully solved with the aid of a specialized 
computer. 


The chief advantage of solving problems of this nature on 
a computer is imparting confidence and validity to the reasonings 
of the commander during decision-making.  7f each (or at least 
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in necessary and possible cases) reasoning or assumption of the 
commander in the course of making a decision will be supported: _ 7 
or rejected by the calculations made at a rapid (not delaying 

the course of the reasoning: ) rate, this will free the commander 


pis 


from many difficulties and errors. 


Another very important advantage of using machines for 
calculations in the course of preparing 4 solution is the 
capability to rapidly perform a large number of. alternatives of 
the same calculation at constant values of the needed parameters. 
Without such a@ computer the commander frequently does not have 
sufficient time to even calculate one (often not the-best) 
alternative. If calculations are conducted by many alternatives, 
commander can analyze their resulte and select the best one. 


And finally, the last stage of the combat operation of the 
system is the guidance of active means to an air enemy and 
controlling them in the course of combat. This stage is directly 
connected with the developwent and transmission of command 
information to air defense forces and facilities. 


Here one should first refer to the transmission of selected 
commends of control over lines of communication. Electronic 
computers can code the text of the made decision, introduce 
the command into the link and give a signal upon the transmission 
of the given command. 


Secondly, this stage also includes the direct control of 
missiles, radars, and interceptors. This control is accomplished 
with the aid of controlling computers. 
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1.6. Classificaticn of Algorithms which | 

Endure the Use of Computers to Control = 
-the Combat Operations of Forces 4 
! 


The range of control problems which can be solved by computers 
4s constantly being broadened basically as a function of how 
rapjdly it is possible to formalize the process of execution 
by man of one or another control ern as well as to develop 
the appropriate algorithm. 5 


The term “algorithm,” like the special division of mathe- 
matics - the theory of algorithms - existed and was used in 
mathematics prior to the emergence of cybernetics. 


By algorithm in mathematics is meant the precise ordering of 
the execution in specified order of a certain system of actions 
leading to the solution of a specified problem. . 


In automated control systems the algorithm is called the 
system of formal ruj.es and control conditions whose execution 
in assigned sequence makes it possible to-sclve a prohlem without 
understanding its essence. 


The solution of some intellectual problems is possible on 
a computer with the aid of algorithms. 


After compiling the control algorithms which describe the 
different methods control, it is possible to analyze these 
algorithms, and through them, to also select the best control 
method. Thus, the development of algorithms for controlling the 
different processes is one of the most important Stages in the 
automation of control systems. 


Since human thinking is based not only on formal, but also 
on dialectical logic, the formalization of the mentalactivity of 
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man is very complex. At the present time the operation of 
automated systems requires strict formalization of the processes 
occurring in it, 1.e., the development of appropriate algorithms. | 
One of the basic difficulties in developing algorithms which 
simulate human thinking results in this contradiction. 


Specific difficulty in developing algorithms for controlling 
the active means of forces :» combat cperations is the uncertainty . 
introduced into the control process by the insufficiency of 
information about enemy actions. 


It is presently pessible to distinguish the three basic 
groups of the algorithms which insure the use of computers in 
controlling the combat eer ttce of air defense forces: 


- the algorithms of patnenine and processing information; 
- the algorithms of preparing and making a decision; 
- the algorithms of transmitting information. 


The algorithms of gathering and processing information make 
it possible to use computers to solve problems in the classifica- 
tion of information, in making "data cards" with the characteristics 
of the targets, in forming images on information display units. 
This group also includes the algorithms which determine the 
operation of the computer in sorting, arranging in the memory 
units and output in proportion to necessity of information which 
is available in a given control member. 


The algorithms of preparing and developing a solution are 
best divided into two groups: 


- the algorithms of making calculations; 
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- the algorithms of logic in decision-making. 


The algorithms of making calculations ensure the use of 
computers to perform operational-tactical. calculations ror 
making a decision on the use of air defense weapons. 


The algorithms of the logic of developing a decision are 
the most complex, since the logical function of man during the 
direct development of controlling action is the most difficult 
to formalize. The difficulties in formalizing this process -are 
to a considerable degree explained by the complexity in the 
quantitative accounting of all factors affecting the decision- 
making. Here great significance is acquired on one hand by the 
formation of the logic circuits which determine the activity of 
man when making one decision or another, on the other hand - 
the separation of the decisive factors and their connections, 
which determine the selection of a solution. 





The algorithms of transmitting information ensure the coding 
of report, the output of it from the computer into the 
communication channel and ti2 output of a signal on the 
transmission of the reports. 
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CHAPTER 2 : 


BASIC DATA FROM THE STATISTICAL . 
DECISION THEORY IH CONNECTION WITH 
THE DETECTION OF SIGNALS 


2.1. Reception of Signals as a 
Statistical Problem. 


For the automation of the processes of controlling air 
defense forces and means, it is necessary to have comprehensive 
and continuous information on the coordinates and characteristics 
of air targets. This information is obtained, as a rule with 
the help of circuler or sector scan radar. Radar target 
detection is based on the separation of radar signals reflected 
from targets against the background of noises which are random 
in nature. Noise distorts the signal, hindering the detection 
of the target ard the determination of its parameters. The 
ability of radar to distinguish the usefui signals against 
the background of internally-produced receiver noise is called 
observability. 





Observability depends on the type of receiver, especially 
its terminating device (more precisely, on the nonlinear circuit 
of the receiver, beginning with the detector). The type of 
terminal equipment depends on the view of the observer who 
obtains the information. 
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The observer can be: 


aman (operator); 


a computer or a continuous-action automated machine; 
- a discrete calculation comput er - a digital comouter. 


Depending upon these factors the termination device of 
the radar can be: 


- the indicator, if the observer is a man; 


- the acrial-target automatic tracking equipment, if the 
obscrver is a continucus-action machine; 


- the aut. atic data reduction equipment, if the recipient 
is tne digital computer. 


Each of the terminal equipment has elements which, together 
with the band-pass filite. of the receiver, determine its ability 
to isolate the received signals against the background of noises. 
In the indicator such elements are the luminophor of the screen 
in conjunction with the scan, in continuous automatic tracking 
[AT] (AC) devices - a selection and lock-on system, in the 
automatic data reduction equipment - the preliminary selection 
unit (the preselector). 


The terminal equipment, together with the proolem of signal 
isolation, snould solve the problem of radar data output ts 
the observer. These data should be issucd to the observer in 
a form acceptable for him, since none of the observers can 
directly use information in the form in which itt is contained 
in the recieved signal. Thus, the *ndicator converts the radar 
Signal to a form capable of actuating the senses of man. 
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Of all the five senses of man only sight and hearing can 
be used to perceive the obtained radar information. Consequently, 
indicators can be either visual or audible. The capabilities | 
of visual indicators ere considerably greater than audible | > 2 
indicators. For this reason visual indicators on zathode-raz 
tubes are the most widespread. The data on them are read off 
according to the seale of the screen on which the target 
coordinates are converted into linear blip Gisplacements with cae 
the help of scanning. 


A computer or a continuous-action actuating mechanism 
deals with the quantities represented in the furm of electric 
currents or the voltages, angular or linear displacements of 
the elements in electromechanical systems which are analogs or 
models, and measured quantities included in the.signal. Therefore, 
they were called analog, or simulating, computers. The terminal ‘ 
equipment connected with the simulator should issue information 
on target coordinates in the form of currents (voltages) and 
displacements. 


Usually range data are issued in the form of voltages, and 
data on the angular position of the target - like the axial 
position of the antenna tracking the target. 


The automatic data reduction [ADR] (ACA) equipment must 
feed the target duta to the digital computer in the form of 
numbers (usually a binary code). Thus, it contains the elements 
for converting the measured quantities into numbers of binary 
coding. 


The classification of terminal radar equiument, dependinr 
on type of observer, with subdivision into elements which perform 
the tusks of isolating the signal against the background of 
noises and converting the measurement data trto 2 form acceptable 
for the recipient, is given in Table 2.1. 
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The conversion of radar data is purely technical, 
It is necessary only so that the conversion will be qualitative, 
without reducing the accuracy of measurement inherent in the 
radar. . 


The problem of isolating a signal or detecting a target, 
in spite of the great distinction in the technical execution 
methods of terminal equipment and receivers as a whole, is 
described identically in the ideal case. However, each real 
device has these or other limitations which lead to decreased 
quelity in observability. 


The observability of signals is determined by the parameters 
of the signal and by properties of the noise, as well as by the 
subjective features of the observer and by his working conditions. 
The majority of these parameters bears a random, statistical natures. 


It is known that noise is a random function of time which 
obeys the statistical laws of the theory of probabilities. A 
weak signal in interaction with noise also becomes a random 
quan’ {ty even in a case where it initially has a regular nature. 
in actuality the signal incoming at the receiver input is 
frequently also random quantity, even before the effect of 
noises, because of the "blinking" of the target, which is caused 
by the interference of signals reflected from its individual 
sections with a change in the orientation cf the target. 


In view of this, the problem of signal isolztion in noises 
is statistical anc can be analytically solved only by the methods 
of the theory of prcbabilities. This is all the more correct 
if the observer is a mai. 


Such operator qualities aS physica] fitness, attentiveness, 
and fatigue yield to no other calculation, except statistical. 
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2.2. Density of Probability Distribution 
of the Amplitude and Phase of Noise 


“The voltage of noises at the input of a radar receiver 
(antenna noise) has the most irregular structure (Fig. 2.1). 


Fig. 2.1. Shape of the noise 
veltage at the receiver input. 





The noise spectrum can be considered uniform up to the very 
high frequencies. Such noise is called "white" noise. 


At the output of the linear part of the receiver the noise 
structure varies sharply: only the narrow band of frequencies 
Af near resonance frequency fy in the band-pass filter of the 
linear frequency of the receiver (Fig. 2.2b) is eliminated from 
the entire wide spectrum (Fig. 2.2a). Noise oscillations at 
outp it of the band-pass filter can no longer be changed randomly. 
They assume the form of almost sinusoidal oscillations with a 
medium frequency of fo» while the amplitude and the phase of 
these oscillations cannot rise or fall faster than the bandwidth 
of the filter allows. 


Fig. 2.2. The noise spectrum: . 
a) at the input of the linear 
part of tne receiver; b) at 
the output of linear part of 
the receiver. 








Slow changes iu the amplitude of noise oscillations are 
easy to explain, if the property of the process is connected 
with the parameters of a real physical system in which it is 
formed. If the system (osci2tiation cirzuit) is narrow-band, ‘.e., 
it has a high Q-factor, then it also has a slow response. Aga _ 
result a considerable expenditure of energy is tiecessary to-chanrs 
the state of the system, and with limited power of the 
perturbations causing the oscillations it cccurs siowly. 


A narrow-band system is difficult to rapidly drive or s::n, 
precisely as it is to change the phase of the osciliations. “uur. . 
the amplitude ( -nvelope) and phase cf the high-frequency noise 
oscillations of frequency f, change comparatively slow. 


Such a nature of the narrow-band noise process makes it 
possible to analytically present it in the form of almost 
sinusoidal oscillations with random and slowly changing amolitude 
and phase. 


The equation of the process in this case can be written in 
the form 


u (2) =U (0) cos fet + 5(0), ( 


fy 
. 
zed 


where U(t) and $(t) - the amplitude and phase of oscillations 
(both random functicns of time); 


Wy = emf) - the medium frequency of the oscillation 
spectrum. 


If in expression (2.1) we find probability laws which the 
amplitude and phase of the oscillations obey, then the “neise” 
oscillation will thereby be fully determined. Quantity U(t) - 
the amplitude examined in the equation as a function of time - is 
Called the envelope of the fluctuation (noise) process. 
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The concept of envelope is analogous here to the same concept 
which exists for amplitude-modulated oscillation, with only — 
difference being that in the fluctuation process case the envelope, 
Jike fluctuation process itself, has a random nature. 


Let us determine the probability density for quantities U and 
¢, assuming that process itself (its instantaneous values) obeys | 
the normal distribution law. 


Let us by means of the trigonometric expansion of er uation 
(2.1) present fluctuation precess in the form of the sum of two 
components (sinusoidal and consinusoidal): 


SRY Ulcie Fatt 2h 2 Clee es coer 0) = 


—U (6) sin mf sin ¢ (2). 
We will designate: 
U, () = U(t) cos ¢ (0; 
U; () — Uw sin ¢ . 
then: 
an U. ; 
se emer (2.2) 


Subsequently, to shorten writing let us present expression 
(2.2) in the following form: 


‘oS a f; 
Loum 


mite (2.3) 


If fluctuation process (2.1) obeys the normal distribution 
law, then its components Uy and Us, also obey the normal distribution 
law. Consequently: 


= J _ Uf 7 
w= 7 3] (2.8) | 








where o* = Uses - dispersion, i.e., the strength of the noise per 
resistance in 1. ohm. 


Tese components are usually. formed in a real physical system 
because of the overall effect of a large number of eiementary 
consinusoidal and sinussidal perturbations independent of each 
other, and they are independent. rendom quantitiez. Quantity U 
is connected with its components by the relationship (Fig. 2.3a) 


U = us + ua. (2.5) 
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a) b) 
Fig. 2.3. For the question of determining the density 
of probability distribution of the envelope and the 
phase of the noise at the input of linear part of the 
receiver: a) components of the process; b) method of 
determining the probabilities. 


On the basis of the probability distribution laws (2.4) of 
quant ities US and U5; we can find the probability that the end of 
vector U will get into the elementary sector with sides du, ang du., 
(Fig. 2.3b). 


This probability is equal (according to the probability 
multiplication theorem) tc the product of the hit probabilities 
of each of the independent random quantities Uy and US into its 
elementary band qu, qu., and can be written in the form 


a ee es 
W(U, Us) dU dU, = a exp| wnt IN Sy (2.6) 
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_ and @ into the element of an area in new coordinates, calculated 
tthe probability through the determined probabilit; density . 


Quantity WCU, 5 Uy) is the combined (two-dimensional ) density 
of probability distribution of quantities U, and U5. In order to 
find the density of probability Miettinen of the envelope and 
the phase (U and ¢), one should change from rectangular coordinates 
U, and U, to polar coordinates U and ¢. | 


In this case it is necessary - that the hit snobyb lity. of U 


W(U, 6), equals the hit probability into the correspoiding (taking 

into account the functional connection between the old and new i 
coordinates) elementary sector in the old coordinates. These 
probabilities shoula be equal, since between the old and the 

new coordinates there is a rigid functional connection. By 

taking into account (2.5) and (2.6), on the basis of the given 
considerations we can write: 


W (Ue) dUdg ms; exp [— | UdUds, (2.7) 
Hence the probability density 
WW, ) = gores[- (2.8) 


Quantity W(U, ») is the combined density of probability 
distribution of random quantities U and @ - the envelope and the 
phase of the noise process. Quantity @ in clear form does not 
enter expression (2.8). This is explained by the fact (it will 
be examined more in detail below) that the probability density 
in this case does not depend on a concrete value of 9. 


In order to explain which nature the probability densities 
of the envelope and the phase of the noise process have, it is 


necessary to derive expressions for each of these quantities i 
individually. 
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following expression for the density of probability distribution 


It 1s known from the probability theory that at an assigned 
combined density of probability distribution of two random 
quantities, to get the density of one of them,it is neressary to 
sum up the probabilities of this quantity at all the possible 
values of the cther. By using integration within the limits of 
all possible values of the phase from 0 to 2s, we will obtain the 


of the envelope of the noise process: 


= oO 
“wT 
wU= (WU, derma fe Mam 
U u 
=3exp[— } (2 , 9) 
Let us introduce dimensionless quantity x, which does not 

depend on the effective noise voltage: 

xa Zo Ugg) (2.10) 


On the basis of the rule of transition from one random 
variable (under the assigned law of its distribution) to another, 
we will have 


W (x) dx = W(U) dU, 
whence 
W (x)= WU), a dx= 1 dU. (2501) 


Thus, the expression for the density of probability distrit.- ~ 
tion of the envelope can be reduced to the following form: 


W (x) =F exp[— 3 | ge = xexp(- 4} (2. d2) 
¢ 


The law cf probability distribution described by expression 
(2.12) and shown in Fig. 2.4 is known by the name of the Rayleigh 
probability distribution, or the circular Gaussian distribution, 
law. 
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Thus, 1f the random process (noise) obeys the normal dis- 
tribution law, then at: the output of linear part of the receiver 
its envelope obeys the Rayleigh probability distribution law. 


‘he Fig. 2.4. The curve of the 
density of probability dis- | 
tributicn of the Soren ee of 
the. noise. 





From the curve (Fig. 2.4) it is apparent that the maximum 
value of the density of probability distribution of the envelope 
takes place when x = 1 or when 
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- Uure me Uy, (2.13) 


i.e., at a level numerically equal to the effective value of the 
noise voltage. 


With an increase or decrease in this level, the density of 
probability distribution drops, approaching zero when x + 0 and 
when x + ®, 


{ 
Figure 2.5 gives the curve of the probability distribution 
3 for the envelope placed on a single diagram with the noise 


process image. Since the amplitude of noise in the positive and 
negative parts of the period is identical (MN = MP), the dis- 
tribution curve of the envelope is given in the area of only 
positive values of x. 


Since the envelope is a random function of time, in accordance 
with which the amplitude of noise changes, on the basis of the 
distribution curve in (Fig. 2.4) and equality (2.13) it can be 
asserted that among the different values cf the notse oscillation 
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Fig. 2.5. The curve of the distritution density of 2 ued 
the coerce ee in conjunction with the image of the ; 
noise procese 


one should most frequently expect the appearance of the oscilla- 
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tions with an amplitude equal or close to the effective value of 
the veltage. Such amplitude values, as they say, are the most 
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probable. Other amplitude values will be encountered relatively 
seldom with the medium frequency being characterized by the 
appropriate values of the density probability distribution for 
the envelope. 


Let us now determine the phase of the noise process. 


By integrating expression (2.9) within the limits of all 
possible values of the envelcpe (from 0 to ~), we obtain the 
following expression for the density of probability distritution 
for the phase of the noise process: 


} 


w= (wu, mae ar Us (2.18) , 
6 » 


a 
“i 
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i From expression (2.1) it is apparent that the probability 
density of the phase is constant throughout the entire range 

of its possible values from 0 to 2m. This, in particular, means 
that if we isolate on the time axis some arbitrary interval At 

of observation time (let us assume it equal to the average period 
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of noise oscillation Ty = <r), then the noise oscillation can 
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with «qual probability intersect this interval at any point of it. 


NO 









| 
| 
: 
| 


anon Nk det Le ON RE amr Han 4 te ene rein Byes gaereeicinscenns = 


ce anes — tat NP OPO RS MRM ERE EU BOE Foe BNO Ao nn 


aie ete Di enna 


2.3. Mathematical Description of the 
Interaction ef a High-frequency oe 
Signal and Noise an 


We will now find the law of probability distribution for 


the envelope of a process where the signal acts jointly with the 
ncoise in the receiver. 


A sequence of pulses whose amplitude is a random quantity and 
can be varied over the wide limits from zero to very high values 
is obtained as a result of superimposing noises on the pulses of 
a signal of constant amplitude. 
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At tne same time, when there is no signal, pure noise can 


cause large overshoots which in no way differ from the pulses of 
the signal. 


The interaction of the signal and noise can occur also in 
such a way that at the beginning of the signal pulse they are 
put in one phase together, and at the end of the pulse - in 
another. As a resuit of this the obtained total pulse can be 
displaced with time. Since the range to the target is judged 
by the position of pulses, such an influence of noises on 
the signal leads to errors in measurement. 


Thus, as a result of superimposing noises on the signal 
the supprr~sion of a useful signal, the appearance of a 
spurious signal and errors in measurement are possible. 


Let us present the equation for the signal in the form 
é 
u, (t) = U, cos wef, 


and the noise oscillation at the output of the linear part of 
the receiver in the form of almost sinusoidal oscillations with 
a random amplitude and phase: 
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n,, (f) =U cos [og + $0 (O}- (2.15) 


We will assume that noise oscillation obeys the normal dis- 
tribution law with the average value equal to zero. Let us 
expand the envelope of noise oscillations Ut) by two components 
in such a way that one of them will coincide with the signal 
in phase (the phase component), and the other will be out of phase 
by 90° (out-of-phase component). e 


As a result we will obtain a 


U,, (f) = Uy, COS wat + U2 ,Sin eg, 
where 
Ure — Uy (t) cos 7 ity; 


Use = Ue (8) sin (0); 
U,(é) = Ui, + Ui.. 


The vector diagram U. of the signal, together with noise 
U,,, and U5, is shown in Fig. 2.6a. Usy represents the amplitude 
(or envelope) of the resuiting oscillation of the signal and 
noise, but ¢ is its phase. In the presence of the signal phase 
@ of the total voltage differs from pnase + of pure noise. 


Let us introduce the new variables Uy = Ui + ue and U5 =U 


ew 


The distribution laws for each of these variables can be 
written in the form: 


’ rc 1 as (0, ins C1 
WU) MIE ea ara 


267, 


1 U; 





where CF “ is the effective voltare of the noise. 
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On the basis of formula (7.16) let us find the expression 
for determining che probability that quantity ae will assume a 
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value lying within the limits of U) and U) + qu,» and quantity 


U, - simultaneously within the limits between Uy and U, + aU 
Since quantities U, and U, are independent, this probability 


according to the probability multiplication theorem is equal 
to the product 


2° 
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W (U)2U,W (Uy) dU, = 5 exp Cte slate, (2.17) 
eo : “re ae 

The obtained expression determines the hit probability of 


the end of the vector for the resulting voltage ue into elementary 
sector dU, and dU, (Fig. 2.6b). 





Fig. 2.6. For the problem of determining the density 
of probability distribution of the "signal pulse noise" 


mixture: a) the voltage components; b) the method for 
determining the probabilities. 


Expression (2.17) is consistent with expression (2.6) for 


noise without the signal, with the exception of the exponent at 


right side of expression (2.17). The exponent in expression 


(2.17) can on the basis of vector diagrams in (Fig. 2.6) be 


represented in the form 
(U,—- Ud +UF U2 HUF — W'eul'e cosy 
26% ca ; 
then expression (2.17) will assume the following form: 
(2.18) 


a2 


5 uw 7 9 r ces 
WU; U;) = 5 exp|— Jem + Ue Werk’ 008 . 
& ws 


For obtaining the probability density for the envelope of 
noise plus the signal ad it is necessary tc pass from the 
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Pig. 2.7. The shape of the 
function I,(ax). 





W(x) = xexp[—= 5] 4(00). (2.248) 


Figure 2.8 gives the curves of the density of probability 
distr’ bution, which were constructed with respect to formula 
{2.24}. The law of probability distribution of the envelope of 
the signal plus noise, which is described by expression (2.24), 1s ‘ 
called the generalized Rayleigh law, or the Rice lav. Ina 
particular case when a = 0 (when there is no signal), we obtain 
the common Rayleigh distribution (2.12): 


- 2 
W(xyoxe Tx exp[- +} (2.25) 





a" rt t «6 8 FA 
Fig. 2.8. The density of probadility distribution for 
amplitude at different values of a. 
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For the complete characteristics of the behavior of the 
signal in the noises, ef interest also is the density of distri- 
bution of phases W(¢@), which is determined by averaging W(x, ¢) 
from expressicn (2.21) by all values of x from zero to infinity: 

w@=Zer[—-F)t pel oom ewx 
” Pp este] . 
xX:-— 
. }. (2.26) 


8 e 
where F(z) “peje “at - the Laplace function (z = a cos. $). 
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This distribution is given in Fig. 2.9. 
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Fig. 2.9. The density of probability distribution 
for the phase at different values of a. . 


By analyzing Figs. 2.8 and 2.1, we notice that to the degree 


the intensity of the signal increases, the law ef the 
distribution density of envelope x approaches a symmecr*cal, 


normal law. 





The law of distribution density of the phase with increased : 
a also becomes normal, whereupon the most probable values of the 
oscillation phase concentrate close to @ = 0. With a very 
powerful signal the overell oscillation phase barely differs 
from the phase of a pure signal (@ = 0), and is therefore stable. 


This can be explained by the fact that little noise, combining 
with the signal, cannot. change the phase of the signal 
significantly. i 


2.4. Probability Characteristics 
of the Quality of Radar Detection 


The quality of work of an automated system in processing i 
radar information primirily depends on the best way of performing 
each processing operation. The optimum algorithms of processing 
are synthesized in accordance with some preassigned criteria 
selected from the totality of the problems being solved and the 
specific requirements which are placed on the solutions. Since 
the processed radar information is random in nature and can be 
only described statistically, the criteria of the optimality 
of the processing algorithms should also be statistical. In 
conn2ction with this, as the general theoretical basis for 
synthesizing the processing algorithms it is advantageous to use 
the theory of statistical solutions, which gives the general 
apprcach to selecting the best rules in processing random 
signals. The ovasic advantage of this theory is the fact that 
it widtes the whole variety of optimality criteria utilized in 
statistics, whereupon these criteria ensue from the general 
theory as exce, *ional cases. 


Let us examine the basic positions of the general theory of 
solutions and some of its results in connection with the problem 
of processing radar signals obtained by radar sites. After 
processing the obtained information a decision on the presence or 
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absence of a useful signal must be made. By a useful signal is 
meant one pulse or a batch of pulses reflected from the target. 
This decision is made objectively under two incompatible con- 
ditions which characterize the status of the target: 

es Wey. " : ° 

2) "No Tarcet” = Heel ae 

The assigned task pertains to the so-called two-alternative 
situation, where one of two events occurs: "target" or "no 
target." In this case some observations, whose combination ir 
mathematical statistics is called sampling, are made. The nature i 
of the observations is such that it is not possible with reliability 
to establish by them (because of the presence of interferences 
and noises in the signal) which of the two events actually took 
place. Only the probability connections between the events 
and the observations are known. 
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Problem is to select one of two hypotheses by the results 
of the observations: hypothesis Ht (the hypotheses, i.e., the 
presumable solutions, we will designate by the asterisk) of 
the fact that "there is a target," or hypothesis H§ of the fact 
that “there is no target." 


The hypotheses mutually eliminate each other. Selecting one 
of them is also called the statisticai solution. Below, the 
criteria and rules of solution will be discussed. 


By criterion is meant some general conditions which should 
satisfy the seiection of a hypothesis, i.e., the solution. 
These conditions frequently have an extremal nature, i.e., it is 
necessary that the solution will minimize or will maximize these 
or other quantities. 


By rule is meant the description of the specific procedure 
which must be accomplished in order to obtain a solution which 


is satisfactory to this criterion. In the simplest case the 
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eriterion can consist of the fact that of the two hypotheses 
the more probable one is selected. In other words, that hypothesis 
which is correct with the greater probability is selected. 
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With the two possible events and correspondingly the two 
hypotheses, the following four cases decision-making are possible 


(Table 2.2). 
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be Table 2.2 
= ¢ i z 
£ Actual event Selected hypothesis | Decision | ‘ 
i ITarget - Hy HY (target) ! Correct (correct | 
: | detection) | 
r Target - H, Hg (no target ) ! Erroneous (carget | 
: | penetration) ; 
: No target - Hy HY (target ) ' Erroneous (false ; 
e | alarm) 
i No target - Hy | H8 (no target ) i Correct (correct 
: , | nondetect ion) 
E As is evident from the table, erroneous and correct decisions 
e are possible. The wrong decisions arise in two cases (the 
- absence and the presence of a target) and are correspondingly 
d E called: a false alarm, when the decision is that there is a 


target, while in actuality there is no target; penetration of a 
target, when the decision is that there is no target, while in 
actuality a target exists. The two forms of correct decisions 
also correspond to the presence and the absence of a target and 
are correspondingly called: a correct detection, when the 
decision is that there is a target, and in fact there is one: 

a correct nondetection, when the decision is that there is no 
target while there is actually no target. 


Each of these cases is characterized by an unconditional 
probability, which in accordance with the ovrobability multiplication 





theorem can be presented in the following form: 
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- for the correct defection 
PAH; == 2 (Hp UL IY, ° 
- for the false alarm | 
PUM, FN => pH.) pUL-:H,); (2,28) 
- for the penetration of @ target 


P(H;, Hy) = p(H,) p(HUH,); 


~ for the correct nondetection 


PH g Hy = pith) pt jitd, 


where PCH, ) and P(H,) are the a prior? probabilities of the 
presence and the absence of a target (sifnal); p(H¥/H,), PCI/HG), 
p(H5/H, ) and P(HB/H,) ~ the correspsndinr 2 posteriori prob- 

abilities, i.e., the Conditional pre 


Eabilities calculated under 
the assumption of the actual pr 


esence or the absence of a Signal. 


AS can be seen from relationships (2.28), the unconditional 
probabilities can be determined, if the a prtort and the 
@ postertori probabilities are knowri. 
(below, to shorten writing we wili desi 
= Py) can be determined using the krown 
target location. if this is impossible, then there appears the 
SO-called a prioni difficulty, which: frequently occurs in radar, 
In this case it is possible to consider the absence and the 
presence of a signal to be equally probable (Py = Po = 5). To 
calculate the a posteriori probabilities of threshold acquisition 
Systems, it is necessary to know the functions of the de 
of conditional probability distribution of 


The a prtort probabilities 
pnate p(H, ) - Pa P (Hy) = 
preliminary data on 


nsity 
the investigated process. 


Let us examine the functions of the density of Probability 
distribution of noise WX) and the "sijna? plus noise mixture 
Woy '*) » where x is the argument of the dietpibyt 


(2.20). The Shape of the curves for the 


ton function 
“ndie ted functions is 
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given in Fig. 2.8. We will select two of them when a = 0 and 
avO (Fig. 2.10). 


@¢6 (noise) 





Fig. 2.10. For determining the probabilities of 
a false alarm and target admission. 


If we select some relative value of accumulation threshold 
Xq (Xp = wo, where U.) is the absolute value of the threshold), 
then the a posteriori probabilities which characterize the 
quality of radar detection can be found from the following 
expressions. 





The probability Pao of correct detection is the area bounded 
by the section of curve Wow! *) and by the axis of abscissa 
situated more to the right of threshold line xp, i.e., 


Pra={ Wen (x) dx, (2.29) 


The probebility Be of target penetration is th area located 
under curve Wow *) situated more to the left of threshold line 
Xo» i.e., 


Pra =f Wen (4) dx. (2.30) 


The probability ae of a false alarm is characterized by the 
area situated under the section of curve W 6%) situated more to 
the right of threshold Xqs i.e., 
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Pay =i Wa (x)de. (2.32) 


And, finally, the probability Ee of correct nondetection 
is characterized by the area situated under the section of curve 
W(x) more to the left of the threshold of limitation, i.e., 


wad 


P= F Wa (a) de. (2.32) 
With consideration that the area bounded by curve WO) or : 

Wow) equals unity, since it characterizes an authentic event, 

these relationships occur: - 


Pog + Pua = 1; 
Pi + Pog = 1. (2333) 


As is evident, of the four parameters which characterize 
the quality of detecting signals against the background of 
noises, only two are independent. Any pair of independent 
quantities can be taken as the initial characteristic of quality 
indices for the operation of signal detection equipment. 


Probability oe of correct detection and probability PS 
of false alarm are assigned most frequently during analysis. 


2.5. Selection of the Criteria for 
the Quality of Ree and Pie Detection 


Selecting the optimum quality indices of nee and Pe detection 
is a contradictory problem which can be solved only on the basis 
of intelligent compromise. Actually, tne high probability ve of 
correct detection and low probability ie of a false alarm are 
natural for the correct operation of detection equipment. 
However, it is impossible to simultaneously satisfy these two 
requirements, since to increase es (2.29) it is necessary to 
diminish the threshold value, while to reduce P, (2.31) the 


threshold mst be increased. Thus, it is necessary to go to an 


+r 
, 





intelligent compromise, selecting the optimum regime for detec- 
tion equipment from the viewpoint of the tutality of the 
possible processing conditions. 


Naturally, th> solution found in this case will not 

necessarily be the best from the viewpoint of any particular 
, condition, for example, the maximum of the probability of 
correct detection or the minimum of a false alarm. The decision 
made should be optimum on the average for the different operating 
conditions of the detection equipment, with consideration of 
the statistics of distribution, the possible detection conditions 
and the importance of one or another situation. The average risk 
method has found the widest application. Let us examine the 
essence of the method. 
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The entire totality of the radar detection sitvation consists 
of correct detection, target penetration, false alarm and 
‘ correct nondetection. From the quantitative side each of these 

s situations is characterized by its unconditional probability 

. (2.28). The concept of price is introduced for every situation. 
The significance of price is placed into conformity with the 
importance of permissible error in one or another situation. 
Thus, for instance, in certain cases the cost for target 
penetration can be considerably higher than for a false alarm. 
Avtually, the result of target penetration can be the destruction 
of the defended object, while a false alarm is usually connected 
with considerable material expenditures. 


Set awh 


Correct detection and correct nondetection have a zero value 
of cost, i.e., error-free decisions have a zero cost. In this 
case it is important so that the price of an error in any 
incorrect decision will be greater than price of a correct one 
and so that its greater cost will correspond to the large error. 
Then the average risk q, of each situation, or the amount of \ 
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cost "paid off" in each case, is proportional to appearance 
probability Ps and cost ry of the error in this situation, i.e., 


=P ep £34) 


When r,* 0 (it corresponds to the error-free situation), 
and also when Py = 0 (it corresponds to the improbable situation), 
a4, * 0. In essence, expression (2.34) represents the loss 
paid off for the risk of making a decision in the i-th situation. 


° 


Average risk R of totality of n situations is calculated by ° 
the rules of mathematical expectation and for discrete cases 
is equal to the sum of the losses obtained from the individual 
situations: 


a a 

R= 34 = Fe 

During analysis of the detection process it is sufficient to 
set: 

- the cost of a false alarm error 

Saye H;, Hy); 
- the cost of a target penetration error 

faa=l (Hy, Mh), 


since the cost of errors in correct detection and correct 
nondetection equals zero. Then, only terms which characterize 
erronecus detection will be present in the expression for the 
average risk: 


R=r,,P(H, Hy) + fouP (Hy H,). 


This equality can be rewritten in the form 


R =P ypPayPot FauPaul ie (2 ’ 35) 
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When the different processing systems are being compared, 
preference must be given to that system for which the average 
risk is less. Consequently, the optimum conditions and parameters 
of the detection equipment should be fourid in minimum criterion | 
of the average risk, i.e., from the minimum condition of expression 
(2.35). Specifically, if we consider that the cost for the 
situation of a false alarm and target penetration is identical 
and equa? to unity (r oa. 1), then the average risk will 
be equal to tne sum of the probabilities of errors in detection: 
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R= P,,Py+ PasPy. (2.36) 


The minimum of this probability is called the ideal observer 
criterion. It is evident that the criterion of the minimization 
of average risk is more common in comparison with the ideal 
observer criterion, since it considers distinction in the cost 
of errors in the false alarm and in target penetration. 


By substituting Bae zl- Pn into expression (2.35), we 
will obtain 


Re FaP, —FauPaoPs + FarParPo 


By grouping the latter two terms and carrying ara 1 beyond 
the bracket, we will obtain 
R= PoaP\ — FaaPs [Par — boParh, (2.37) 
where 


t _. LarPo 


tah? 
Since the first term is positive, the minimum criterion of 


the average risk is reduced to finding the maximum of the 
difference: 


+ Pag boPar (2.38) 
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error of every kind. Let us assume that all of these values 
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This condition requires such an increase in probability Eee 
of correct direction and a decrease in probability P,, of a false 
alarm by which difference nn - LoP iy increases. Multiplier Lo 
1s called the weight factor. It depends on the value of the 
a priori probabilities of the presence or the absence of a 
target in the investigated sector of space and the cost of an 
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are assigned. If the two irformation processing systems are - 
compared for the purpose of detecting a useful signal against 

a background of noises under identical conditions (identical Lo)s 
then the best of them will be that one for which 


Pro opt LPrarop 2 (0 ai LP.) 


Then, . | 
Preon = Poe + fo (Parops ia ax)s ; 
and under the condition that E it op = Pi. 
Pron > Paw 


This means that with a fixed probability P,, of a false alarm 
the optimum system will be that one for which the probability 
Pho of correct detection will be greatest. This condition is 
called the Neumann-Prearson criterion by the name of the known 


mathematicians, specialists in the field of mathematical 
statistics. 


To obtain concrete quantities for a6 and ae it is necessary 


to assign the magnitude of the average risk R, as well as value ° 


Lo and the amounts Pay and oe of the cost cf errors. In this 


case from expression (2.37) ne find 


fusPi —R 
Pao — oP ar = PP 


In radar the values for a prtort probabilities Py and Pys 
as a rule, are unknown. Their definition comprises the so-called 
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a priori difficulty, since in the majority of cases there is no 
possibility of determining the probability of turget appearance 


(ship, aircraft) in the detection area of a station at one or 


another instant. It is possible with identical success to 
speak in favor of one hypothesis or another, 1.e., ir favor of 
the presence or the absence of a target. Therefore, it is 
possible to consider that both hypotheses are equally probable, 
i.e., Po © Py = 0.5, 


Sometimes it is also difficult to evaluate the cost for one 
situation or another. Actually, how does one evaluate the losses 
associated with a false alarm and target penetration? How does 
one quantitatively evaluate the results of panic among 
population caused by a false alarm or by blunting the alertness 
of personnel in the <efense system as a result of a false alarm? 
Finally, in what kind of units are human sacrifices and destruction 


le pn ERA AE mh 


. caused by the penetration of a target to the object measurea? 


In a number of cases the lack of precise data on the cost of 


losses leads to the necessity for assuming rene tat Es 


4 


Under these conditions ly = 1, and then 


Par P,, = 358. 


This relationship can be used for rough estimates. 


The examined criteria were accepted without any grounds. In 
connection with this, their correctness can be doubted, 
especially since it is always possible to expect that there are 
other cptimum methods wnich use the information available in the 
input signal more fully and will yield the best results. 
Nevertheless, at the present the most common criterion is con- 
sidered the minimum criterion of the average risk of losses 


(2.38). 
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conducted within identical limits, we will obtain 


By substituting P| and P.. from expressions (2.29) and (2.31) i 
and taking into account that the integration for P,, and Boeals 


F100 (2)-— LW. (20) dx = mas. 


In order that the integral will be maximum, it 1s necessary 
to attribute to the domain of integrat ion only those values of 
x for which integrand is positive, i.e., 


* 


Wea (X) —f,We (x) >0, Se (2535) 
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or 


Quantity A is called the probability ratic, or the probability 
coefficient. : . 


Let us note that probabilities uae and Pas » in accordance 
with formulas (2.29) and (2.31), depend on threshold Xj: Hence 
it follows that Eas and Ft are also interdependent. The 
dependence between the probabilities of correct detection and 
false alarm are frequently called the performance characteristics 
of the detectur (receiver performance - RP), which is constructed 
in coordinates Ceo and Pee and characterizes the probability 
ratio. Since derivative of integral is equal in terms of lower 
limit to the integrand taken with a rev.rse sign from formulas 
(2.29) and (2.31), it follows that 
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We (4) =— FE uw We lx.) = — 5 








(Fr) coe We. ey (x9) _ ==) 
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where Ag is the threshold value of the probability coefficients. 
Thus, at any point cf the characteristics of the detector 


the tangent of the slope angle of the tanrent is numerically 
equal tc the value of the threshold probability coefficient. 
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Performance passes through two characteristic points: 
(Pio =-0; P,, = 0) when Ay = @ and (Po = 1; Po = 1) when Ap = 0. 
zn be first case the magnitude of threshold ee selected tacinitely 
large, and neither the signal, nor pure noise can exceed it. In - 
the second case there is no threshold, and any signal can be 
accepted as useful. 


If we return to formula (2.39), *t is important to note that 
optimum detection 4s reduced to the culculation of protability 
ratio A and to comparing it with threshold 7). Thus, optimum 
detection also includes the operation of threshold comparison. 


To calculate the probability ratio it is necessary to arrange 
the expressions of the distribution functions of the accepted 
"signal plus noise" mixture and the pure noise, as well as the 
sampling realization values of the accepted signal. The structure 
of signal processing for detection decision-making is reduced to 
a calculation operation in accordance with formula (2.39). 


This formula can be examined as the initicl expressicn fer 
composing the algorithm of calculation which must b2 performed 
over the output signal realizations in order tc detect a reflected 
pulse. Detector itself should be nothing else but a speciailized- 
computer which performs calculations in accordance with the 
indicated formula. 
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CHAPTER 3 


INITIAL PROCESSING OF RADAR DATA. 


3.1. Determivation and Complement 
ef the Initial Processing of Radar 
Data 


Radar is one of tne basic means of obtaining information on 
aerial targets. Radar network forms a radar system which provides 
information to air defense forces. This information is the 
result of radar signal analysis (the signals of a receiving 
circuit; signals which characterize location of an antenna system; 
time signals). 


The process of obtaining information about objects found 
within radar visibility ranges is callec radar data processing. 
Such processing makes it possible to obtain the data on target 
coordinates, its trajectory parameters (speed, acceleration, 
course angle), location time and cthers. Let us agree to call 
totality of information on the target the blip. The complement 
of the blips, besides the above-indicated data, can include 
information on target number what government it belongs to, type, 
importance, a.thenticity, etc. The formed blip can subsequently 
be represented partially or completely by different kinds of 
signals. 


For example, on plan-position indicators the blip is repre- 
sented in the form of a luminous dot, and in automatic data 
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processing machines - in the form of a binary number, voltage 
or current values. 


The signals which will bear the information the observer 
(the operator) needs are called useful signals. As a rule, 
interferences are superimposed on useful signals. Because of 
these interferences the target information is distorted. In 
connection with this, during processing there arise problems in 
isolating the useful signals and obtaining necessary information 
under interference conditions. This compels one to search for 
data processing methods with whose aid the 111 effect of inter- 
ferences can be reduced to a minimum. However, it is impossible 
to get completely rid of them,on account of which the results of 
the processing always contain some errors. 


Data processing is based on the existence of distinctions 
between the useful signal and the interference. Frequently, 
such a distinction is detected in the regularities of random 
signals coming in for processing. The entire process of radar 
data processing can be divided inte three stages: initial, 
secondary and tertiary processing. 


At the initial radar-data processing stage the target is 
detected and its coordinates are determined. Here the signals 
of the radar receiving circuit, antenna angular-coordinate 
sensors and time signals (synchronizing radar pulses are used). 
Initial processing is accomplished by one or several adjacent 
range sweeps. in principle these signals are sufficient to 
detect a target and to determine its coordinates. In connection 
with this, the initial processing of radar data (in connection 
with circular scan radar) is the precessing of data for one 
radar scanning period, 


The complement of the initial radar-data processing is: the 
detection of a useful signal in noise; the determination of 
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target coordinates; ccding the coordinates of the ete = 
target and the initial numbering of targets. 


3.2 Structural Di serap for the 
Optimal Detection of a Single 
Pulse Signal 


The initial processing of radar data begins with the detec- 
tion of an useful signal in noises. To explain just how the _ 
resolver circuit should look we will first examine the simplest 
case - detecting a single pulse signal. In this case the 
resolver circuit, as follows from the previous chapter, should 
be selected on the basis of the general criteria which define 
the detection problen. Riese yee, 


The minimum criterion of average risk can be accepted as one 
of them. Below we will call the resolver which operates on 
the basis of the use of this criterion the optimal detection 
device, since it determines the best outcome when solving 
the problems of detevstion. The minimum criterion of average i 
risk leads to comparing the likehood ratio with threshold Lo: 


Let us assume that only amplitude value x(t) of the signal 
at any chosen instant *, ts analyzed, i.e., the decision on the 
presence or the absence of a signal is accepted on the basis of 
one-dimensional sampling. The conditional densities of probability 
distribution for the envelope Wow) of the "signal plus noise" 
mixture and the enve lose W fx) of noise voltage for the individual 
pulses (one sampling) 2re taken as known. . 


Let us find the sisorithm for the optimal detection of a single R 
pulse signal in narr-v-band noise, using likelihood ratio \(x): 


; Wow (2) (x) xexp sep [~55* Jaton (ae 
MC teas See a 


: é 
-=exp[—F 11a), (3-1) 
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“According to the condition of the minimum criterion: of average 


risk, tic likelihood ratio for making the correct decision should 
be more than (or equal ts) threshold value Los 1.2. 


L(xj—exp’—-F] Le dle | 3.2) 


This relationship should be examined as the algorithm of the 


calculations made above sampling values of x(t) in the circuit of — 


the optimum detector, which in essence is a computer. For the 
sake of simplicity in the computer let us preceed to the 
logarithmic threshold value, i.e., to quantity ln to: Let us 
note that due to the monotony of the logarithmic function, 
inequality (3.2) will not be violated; only the numerical values 
of the right and left sides will change? 


tnd (x)= —$ + Ind, (0x)>In/ 


Replacement of A(x) by 1n A(x) requires the corresponding 
replacement of threshold Lo by ln Lo: As a result we obtain 
resultant expression for the algorithm of the detection of a 
single pulse signal: 


in/,(ax) > 104, +5. (3.3) 


The block diagram presented in Fig. 3.1 corresponds to this 
algorithm. 


Expression (3.3) makes it possible to explain the structure 
of the resolver. After the nonlinear transformation of the 
envelope x(t) of the single pulse signal with the aid of equip- 
ment with characteristic z = ln Ip (ax), the obtained voltage 
should be compared with the level of limitation £=Inh++ 
created in the threshold device. Such a device is a detector 
with a characteristic which satisfies the condition 


z= InJ,(ax). (3.4) 
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Fig. 3.1. Block-diagram of the resolver 
for detecting the single pulse signal. 


At the same time the following approximate representation of 
function z exists: 


[meer | 


(3.5) 


Case ax << 1 corresponds to a weak signal. 
Case ax >> 1 corresponds to a strong signal. 


Thus, the optimal characteristic of the detector she ‘id be 
quadratic for signals which are weak in comparison with the noise 
and linear - for the remainder (Fig. 3.2). 


Fig. 3.2. The optimal 
characteristic of the 
detector. 
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How does one determine the magnitude of the threshold value 


- for the likelihood ratio ty for example using the Neumann-Pearson 
criterion? 


- fo do this, on the strength of assigned probability Piz of 
a false alarm, we will determine the limitation level Xo of the 


- dimensionless (Uo / Fy) amplitude x(t) of the input signal: 


Pam { Wa(s)dem [cero[-4aemene[- 3} 


Hence 


x= V—2inP,, 


Quantity am Ze is determined by the assipned value for the 
probability an of correct detection and by the caiculated 
level Xo of limitation: 


Prawn {xexp[--2£2] 1, (02) dx 
2 


Quantity a, which ensures target detection with an assigned 
probability for the fixed probability of false alarms, serves 
as the threshold signal measure and is designated nop’ 


Then, in accordance with expression (3.2) Lo will be defined 


as 


a 
L=l (x) =erp|— “= Jo (Gasp). (3.6) 


3.3. Resolver for Separating a 
Packet of Pulse Signals 


As a rule, circular scan radars operate in such a way that, 


during the svanning of an area, each target is illuminated 
repeatedly. Because of this the target sigrial is represented 
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not as one reflected pulse, but a packet (packets) of pulses 
"which have the same range but 2 sifferent azimuth. | ; 
Target detection by packet gives the best results, since a 
considerably greater volume of information is used than in the 
case of a single signal. The repeated appearance of a pulse in 
the same scanning area substantially raises certainty in target 


detection. 
a) 0} 


Pig. 3.3. Pulse packet envelope: 
a) idealized; b) actual. 


The envelope shape of the packet is determined by the type of 
function which describes the radar antenna radiation pattern 
(Fig. 3.3a). ‘ne actual. envelone of the pulse packet (Fig. 3. 3b) 
differs from the idealized. This distinction is explained by 
target fluctuation caused by the interference of signals reflected 
from its individual sectors during change in target orientation 
by natural and man-made interferences (noises), etc. 


The coherent and incoherent reception of the packet pulses 
differ. With coherent reception there is a change in the phase 
from signal to signal, and this is taken into consideration during 
the processing of the packet. With incoherent reception there is 
no change in the phase from signal to signal. During processing 
the phase of every packet pulse is taken as a random quantity 
eveniy distributed in the interval from 0 to 2m. 


Subsequently, only the incoherent reception, with which the 
information contained only in the amplitudes of the pulse packet 
is used, 1s examined. Such irformation is the combined density 
of probability distribution of the pulse amplitudes in the packet. 
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If to process a single pulse signal it would have been 

_ possible to satisfy the probability densities of the Wx) 
one-dimensional noise samples and the "signal plus noise" 
mixture W(x), then to process the packet of pulse signals the 


corresponding probability densities of the n-dimensional samples 
are necessary: 


Wan (Xp Xaye00y x,{tt,¥; 
WacalXy Xu, Kallis), 


which are determined at specific instants ti» tos fay the 
With the reception of the packet, since the time between 
Samples is great, there is no correlation between them. 


Consequently, the random magnitudes of the samples (pulse 
amplitude) are independent of each other, and the probability 
density of an n-dimensional sampling is equal to the product of 
the probability densities of the individual samples, i.e.: 


Wace My -_ «) =I] Wem (%;); 
‘Waal, Xa eves «= Wa (*)- 


To obtain the detection algorithm of a radar packet 
(analogous with the case of a single pulse signal) let us make 
use of likelihood ratio expression (2.39): 


W, (X35, Xqee sae Xn) 
Wan Raves Xa) 2k 


Ey Hayes Xe (3a) 

The conditional probability distribution of the voltage 
envelope of the "signal plus noise" mixture and voltage envelope 
of pure noise for the individual pulses of the packet (individual 
samples) we assume to be known: 


os 2 2 
Wer (%,) =X, exp [- Ge] fy (4,%,) (3.55 
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_ In accordance with the formulas (3.8) and (3.9), expression 
(3.7) reduces to the following form: 





i TT Wen (20 
Ure Spe he) we G——— on fd - = . 
te eae . 
-Sa + . . 
a ir ; 3 
=e Th en>le 
ted oe (3.10) 


After taking the logarithm and after transformations, 
expression (3.10) assumes the form of the algorithm for optimal 


- detection of the pulse signal packet (Fig. 3.4): ; 


Dyin en a)>inht YF (3.11) 


This inequality also determines the structure of the resolver. 
From it it follows that the resolver should sum up the analyzed 
samples of the sampling values of the process after the functional 
transformation z, = 1n Ip (a,x,)s and then the sum obtained is 
compared with the threshold which depends on the number of samples. 
With an increase in the total amplitude of the threshold level . 
the decision on target detection is made. 


A block-diagram of the resolver which realizes the algorithm 
in (3.11) is shown in Fig. 3.5. The use of analog accumulators 
makes it possible to perform automatic threshold detection of 
reflected signals without a substantial reduction in radar coverage. 
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Fig. 3.4. Block-diagram of the detection 
algorithm of the pulse packet. 





Fig. 3.5. Block-diagram of a resolver 
for detecting the pulse packet. 


At least two types of equipment are possible for analog 
accumulation: charge-storage tubes and ultrasonic delay lines. 
These devices have serious disadvantages which hinder their use. 


Thus, in charge-storage tubes to it, it is extremely complex to 
provide linearity in the accumulation law, which leads to losses 
in the threshold signal. The resolving power of charge-storage 
tubes thus far is still lower than the resolving power of radar, 
which leads to increased errors during coordinate evaluation. 
Difficulties arise also in connection with the necessity that 
with each scan the writing beam will pass over the same line on the 
surface of the accumulator plate. The readout beam should also 
pass along this line. 


Substantial deficiencies are distinctive to ultrasonie 
delay lines. The basic of them are awkwardness (with large n), 
as well as the need for the precise coordination of delay with 
the repetition frequency of radar sounding pulses. For every 
new radar system the accumulator should be different. “The use 
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of accwnulators cn ultrasonic lines is generally impossible, if 
the repetition frequency of radar main bangs is variable. 


The indicated deficiencies in analog accumulators induce > 
the’ conversion to digital accumulators, similar to those which 
ave used in digital computers (DC;. Such accumulators are somewhat 
more simple, more economical and more reliable, and can be 
edapted for work with different radars by changing the accumu- 
lation program. 


« 


Digital detectors have one additional substantial advantage. 
They are monotype with the equipment by the computers which 
perform further processing of the radar information. 


Meanwhile it is evident that the transition to digital 
methods of processing means a departure from those accepted in . 
radar statistical processing methods. This causes the need for 
the digital transformation (quantization) of processable signals. 
This transformation unavoidably leads to losses in the threshold 
Signal and therefore to logses in the quality of the processing. 


en MRI A, SALE Mg a 


Thus, the problem of the digital processing of radar signals 
in the unit which deals with automatic detection aid evaluation 
of the target coordinates includes: 1) the transformation of 
the reflected radar signals to a form convenient for processing 
with the aid of digital computers; 2) the algorithmization of the 
processes in the processing of sampled radar signals; and 3) the 
realization of processing algorithms with tie aid of digital 


computer technology. 


3.4. Digitization of the Surveillance- 
Pulse Radar Signals 


To process radar signals with the aid of digital equipment 
it is necessary to first convert the voltage, continuous with 
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time and amplitude, of an useful signai at the output of the 
detector of the receiver into digital form. 


The first stage in the digitization of the signals is time 
digitization. In this case a continuous (for observation time 


0-t ) signal is converted into a time sequence of digital ampli-_ 


tude values izto sampling moments or into a digital sequence of 
other magritudes connected vith amplitude of the signal in the 
observation interval. If the signal amplitude is the function 
not of one, but several independent arguments (for example - 
time, Deppler frequency, etc.), then every argumer:t should be 
digitized. 


The second stage of digitization is the conversion of the 
amplitude sequence ir.to a certain number of gradations, i.e., the 
representation of sampling amplitudes by a certain number in the 
decimal number system. Subsequently, the information on the 
amplitudes of the signal samples can be coded in a binary code. 


The overall signal at the output of a radar receiver is a 
continuous function of time and target coordinates. Independent 
of the rada~ method ard radar type, this signal during scanning 
develops into signal U(t), which depends only on time t. Simul- 
taneously, natural digitization of the coordinates occurs at 
this argument during scanning. 


As an example let us examine the scanning process of the 
signal of double-coordinate pulse radar with circular scan. 
The overall signal in this case is represented in the form 


Ore ~~ Oca (4, p, t), 
where 41, 8 - the two-dimensional coordinates of the target 


relative to the location cf the radar station; Ui - the total 
voltage of the received signals and of the noises inherent in 


the receiver. 
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As a result of periodic scanning with period Tp» the con- 
tinuous functions J(t) and 8(t) of the coordinates are converted 
into a digital series of instantaneous values A(iT,); B(iT)) of 
the coordinates, where 1 is the scan number. This i3 the first 
stage of digitizaticn with respect to time. 


Finer digitization with time is obtained as a result of 
sending main bangs with period Th In this case the coordinate 
which coincides with the scanning plane (in our case coordinate 
6) is simuitaneously digitized. Signals cbtained during one 
period of sending main bangs, i.e., during one range sweep, remain 
continuous with time. 


Thus, signal at the output of the receiver in pulse radar 
can be presented in the form of a time function: 


Ua Ua (Te tT F), 


where 1 - scan number; k - probing number within the limits of 
one scanning period; c/2 - range sweep speed. 


Let us agree upon calling quantization both the digitization 
of signals in terms of amplitude, and time digitization. We wiil 
call the intervals of digitizing the signals with respect to 
time the time quantization intervals, and the intervals of 
digitizing with respect to amplitude - the amplitude quantization 


levels. 


The functional circuit of radar signal quantization is given 
in Fig. 3.6, and the time diagrams which illustrate the work of 
the circuit - in Fig. 3.7. The voltage of the envelope for the 
"signal plus noise" mixture from the output of the radar 
receiver (curve 1) enters at one of the inputs to the time 
quantization circuit. The scale pulses of time quantization 
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(with a duration of =) with period t, feurve 2) enter another 
input to the circuit. At the output of the time quantization 
circuit, equally discrete sample of the envelope voltage is 
obtained within the limits of each quantization pulse (curve 3). 
This sample enters at the input of the amplitude quar.tization 
circuit. 
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Fig. 2.6. Funect‘onal circuit of rader signal quanti- 
zation 
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7. Time diagrams which ‘illustrate the 


Figs 3: 
ss of radar pulse quantiz:zt ion. 
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The amplitude quantization circuit in general has m thresholds 
and m + 1 levels and issues upon output the level number, which — 
is exceeded by the sample in each interval of time quantization. 
The level number can be coded in a binary code or represented by 
the standard amplitude pulse number, which is equai to the 
number of exceeded levels (curve 4). In the particular case of 
binary quantization (for example with threshold U5); the circuit 
issues a pulse of standard amplitude and duration (unity), if . 
the pulse amplitude exceeds threshold Up, and a blank (zero), if 
this threshold is not exceeded (curve 5). Time quantization 
leads to a break in the range sweep cf the radar at the elementary 
sectors with width 


Ad = %,° 
where t, - time quantization interval. 


The number of such sectors is determined from the expression 
“= 


where | - maximum radar detection range. 


In the process of the periodic sending of main bangs with 
the simultaneous rotation of the antenna, the radar visual range 
is split into elementary sectors by azimuth. The angular 
dimension of an elementary sector by azimuth (angular discreteness 
of the azimuth) is 


spa 2ett, 


where T, - the main bang sending per ‘od; Ty - the antenna rotatior 
period. 


. 
coast amie, ma de 


serpent 


nee nk ine ln 





carecames 


epee GON TOMAR PL MNT ARAL ERAT HEE R ITI PENTEL GT LT ean I rere ee Se 


ener rem e an me BA 








Fig. 3.8. Image of the radar 
visual range after the time and 
binary amplitude quantization 
of the signals. 


The quantization of signal amplitudes leads to the digitiza- 
tion of the image "brightness" of each elementary cell. Depending 
On the output of the amplitude of the transmitted signal, this 
brightness will be characterized by the discrete number of 
quantization levels. During binary quantization a black-and- 
white image of the visual range is obtained, where the black 
background designates the presence of quantized signals (units) 
in the appropriate cells, and the white - their absence. 


Processing time and amplitude of quantized signals reflected 
from a target ir this case consists of the sequential analysis 
of the brigntness of the cells belonging to ane range (since 
pulses in the packet have the same range). 


3.5. Binary Quantization of Signals 
During the selection of the thresholds of the amplitude 


quantization of radar signals, used are the criteria connected 
with the loss of information on useful signal in the quantization 
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process (information criteria), as well as the criteria connected 
with making a decision on the detection cf the single signal or 
the packet of the signals, among which the basic are minimum 
risk criterion and the Neumann-Pearson criterion. 


Let us examine the binary quantization of signals as the most © 
simple. In this case the quantizer has only one threshold and 
the voltage on its output can take only two values: 0 andl. - 
Thus, signals at the output of the quantizer are the totality of 
random binary numbers (zeros and unities) which appear with 
probabilities P(C) and P(1), respectively. With a known distri- 
bution Woy 6®) of single amplitudes and the set threshold Xo of 
binary quantization, probabilities P(0) and P(1) are determined 
in the following manner: 


P(ly= J Wea (x) dx; 


P(0) = { Wea (x) dx. | 


To find the optimal threshold it is necessary to differentiate 
the expression for the average risk on threshold and to make the 
result zero. We will write the average risk for the detection of 
the single standardized signal in accordance with general formula 
(2.35) in the form 


Rare P,{ Wea (x) dx + tin Po ( Wo(2) dx. 
reaPsl (dete Swe) est 


Let us take a simple case: 


” tyq =Pqy = 1, P, = Py==05. 


Then, by differzsntiating expression (3.12) with respect to Xo 
we will obtain the equation for determining optimal threshold 
Xo opt’ 
W cua (X) | 19 = 29 opt ot Wa (x) | <= 20 091° 
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In accordance with expression (3.13) optimal. threshold Xp opt 
“should be chosen in the manner as shown in Fig. 3.9. 


Fig. 3.9. Por the selection of 

the optimal threshold of binary 

quantization by the average risk 
ae 
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Let us examine concrete examples. 


Example 1. For the standardized amplitudes of the "signal 


Plus noise" mixture at the output of a synchronous detector 
we have: 


weal = gree [— Eg} 
watan rer eo [~F} 
By substituting these expressions into equation (3. 13), after 
Simple transformations we will obtain 
Lom ™ 


Exampl- 2. For the standardized amplitudes of a mixture of 
a non-fluctuating signal and interference at the output of an 
envelope detector we have: 
Wea (1) = 2 exp [- a5") I, (axy, 


Wa («) = erp [7]. 


By substituting these expressions into equation (3.13), we 
get 


In (@Xeon) = (3.14) 
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[> 2. Equation (3.14) 1s not solved in clear form. In the case of 
weak signals (ax, oot <* 1), using the asymptotic expansion of 
the Bessel function: 


“heten) =t 4+ Shen, a” i 
ih (eg) 
we will obtain es 
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For the series of single amplitude values (a > 1) the numerical 
solution of equation (3.14) gives the following results (Table 3.1). 


Table 3.1. 





With increased single amplitude the optimal threshold approaches 
ase. 


Figure 3.16 gives the curves calculated from formula (3.12) 
of the average risk as a function of the threshold of quantization 
for certain ratios of signal to interference, which are most 
characteristic for circular-scan pulse radar. The curves have 
weakly expressed minimums. This confirms the noncriticality of 


selecting the threshold of binary quantization. On the average, 


for a sufficiently broad range of signal-to-interference ratios, the 
optimal thresholds lie within the 1.8-2.2 range, which makes it 
possible to choose a fixed threshold value for all expected 


i signal-to-interference ratios without noticeable loss in the 
: detection probability. 
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Pig. 3.10. Average risk for the 
binary quantization of a single 
Signal. 


3.6. Algorithm for the Optimal 
Detection of a Quantized Signal 
Packet 


When one is examining the optimal processing of a quantized 
signal packet, it is necessary to bear in mind that quantization 
7s unavoidably ccnnected with loss of information. Therefore, 
theoretically no algorithm for the processing of quantized 
signals can ensure better (or even equal) qualitative character- 
istics, than the algorithm for the optimal processing of 
unquantized signals by analog computers. On the other hand, 
quantified signals can be processed with the aid of digital 
computers (digital accumulators) for which, unlike analog 
computers, the phenomenon of saturation is not characteristic. 
Therefore, in spite of losses during quantization, the discrete 
storage of quantized signals in the majority of cases will be no 
less effective than analog storage. 


Let us examine the algorithm for optimal detection of the 
quantized signal packet with discrete storage. From the position 
of the statistical decision theory the problem of detecting a 
packet of binarily-quantized signals is formulated in the 
following form. 
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Let a discrete selection be made of the envelope values 
{x} Xp +++» X,} on n neighboring elementary sectors by azimuth 
within the limits of one range ring (Fig. 3.8). Each of the 
sampling values. of Xy is susjected then to binary amplitude quan- 
tization by means of comparison with threshold level Xo° The 
outcome of the unitary testing of Xs is considered positive, if Ppt 
the corresponding sampling value exceeds the threshold, and 
negative, if the threshold is not exceeded. 
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The total set of resuits after quantization is sequence of 
zeros and unities. This sequence enters the input of the resolver, 
whose task is to decide optimally on the basis of analysis of 
the obtained sequence of zeros and unities whether the made 
selection represents the packet of pulses reflected from the 
target or whether it pertains to the interference. 


To solve the formulated problem the resolver should process 
the incoming signals in accordance with some preassigned algorithm. 
In this case the optimal algorithm of detection, as in the case 
of the unquantized signals, comes to checking hypothesis HS about 
the absence of useful signal against alternative hypothesis 
HY about its presence. To construct the detection algorithm it 
is first of all necessary to find the statistical characteristics 
of the zero and of unity sequence which is subject to processing. 





Let us designate P, as the probability of obtaining unity 
at the i-th nosition, and a, - as the probability of obtaining 
zero at this position. Apparently, qa, = l1- Pye The probability 
of obtaining any of the two possible outcomes as a result of 
i-th testing can be written in the form 


ke al I ct a oo ee EO ie, 


BG) = pfigi-", (x, ==0; 1). 


Because of the independence of the tests the combined 
probability of obtaining some combination of the zeros and of 
the unities in all n tests equals 
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Ply tains ede Dea (3.15) 


In accordance with formula (3.15) the probability of obtaining 
unities in each of the n tests is 


PAI, ¥,---1) Ie, 


and the probability of obtaining all zeros is 


pO, 0,..+5 oy = 114 
2. 


Now on the basis of formula (3.15) it is possible to easily 
write expressions for the likelihood functions of hypotheses 
Hf and HB. 


The likelihood function of hypothesis Hf takes the form 


a 
L (Xp Xayeonn Halt) = T0595, Fo 
. éwh 


where Pea the probability of obtaining unity at the i-th 
i 


position of the signal packet (qa, z=l- P, ys 
i i 


* takes the form 


The likelihood function of hypothesis H6 


Toy 


a 
L(y Knees Sellhe) [ Jones". 
bond 


where Py. 7 the probability of obtaining unity at the i-th 
i 


position in the interference area; this probability is identical 
for all i. 


Let us find the likelihood ratio and compare it with ccnstant 


number Las which is selected in accordance with the established 
criterion of the optimality of the solution: 
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The logarithm of the likelihood ratio is 
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After simple transformations of expression (3.16) we will 
obtain : 


e 


V5, 9y OG 
ataad ss sank 
Dying mind st | (3.17) 


By designating in expression (3.17) 
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we will write the final formula for the algorithm of the optimal 
detection of the quantized signal packet: 


i en 


Bru>s (3.18) | 
Function Ny» which takes into consideration the expected i 
values of the probability of obtaining unities and zeros in 

the signal ard interference area, is called the weight function 

of binarily-quantized signal detection. The envelope of the 
function corresponds in form to the envelope of the radiation 
pattern of the radar antenna. 
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In accordance with alg->rithm (3.18) the process of optimally 
detecting the binarlly-quantized signals packet comes to the 
fulfillment of the following operations: to the storage of 
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signals (unities and zeros) at the output of the quantizer 

within the limits of packet width (at n positions); to adding 
up the values of the progvammed weight function at those positions 
at which the unities from the output of the quantizer are obtained, 
and to the comparison of the obtained sum with threshold number 
% and to the issue of a decision on the detection (or nondetection) | 
of the packet. 
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Fig. 3.11. Structural diagram of the 
resolver for the detection of the 
binarlly-quantized signal packet. 





The structural diagram of the detection resolver, which 
realizes the indicated algorithm, is illustrated in Fig. 3.11. 
For simplicity, in the diagram the memory of the quantized i 
Signals is presented in the form of a shift rezister (SR). The 
weight function is conditionally programmed in impedances. The 
accumulator is the adder of currents or voltages. The enumerated 
elements of the circuit can be realized by the means of digital 
computer technolopy. 
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The characteristic feature of the resolver for the detection 
of quantized signals is the presence of two tnresholds: the 
first is determined in the yuantizer and is the input threshold 
(the detection threshold of the indiviiual pulses); the second 
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is determined at the output of the adder circuit and is the 
detection threshold of the packet. Let us assume that proba- 
bilities P, are identical within the limits of the entire 

width of thé radiation pattern (the packet has a rectangular 
shape). Then, from expression (3.17) it is possible to obtain 
the optimal algorithm for the detection of the rectanzular-shaped 
packet; 
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Pf, ' (3.19) ‘ 


where right side - a constant value. 


As can be seen from expression (3.19), in the case of the 
rectangular packet the procedure for detecting the quantized 
wignals comes to the pulse counting of the unities obtained at the 
output of the quantizer within the limits of packet width and to 
comparison of the number of accumulated pulses with a certain 
threshold number. The detection circuit is simple and realizable 
with the aid of a conventional binary counter. 
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For simplicity in detection resolvers, binary counters are 
often used also tn the processing of real (nonrectangular) 
packets. However, such resolvers will no longer be optimal, 
since during processing the real shape of the radiation pattern 
of the radar antenna is not taken into consideration. 
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3.7. Principle Weightless Processing 
of Radar Signaz.s 





The examined methods of processing packets of quantized radar 
Signals are still rather complex in realization. The basic 
complication in the circuits is connected with the need for 
programming weight functions for packet detection and determi- 
nation of their azimuth position. 


FRET 
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For the purpose of simplification the equipment packet is 


considered to be rectangular. In this case the scle characteris- 


tic by which it is possible to distinguish the target area from 
the interference area is the increased density of un‘ties within 
a certain interval of positions (for example, within the limits 
of the radiation pattern width of the radar antenna,. ‘The 
density of the unities in the target area will naturally be 
greater than the density of the unities in the interference 

area. Consequently, weightless processing equipment shouid 
estimate the density of the unities and react to density changes. 
During processing, in terms of the density of the unities, 

the basic problem is the fixation of the packet boundaries. To 
do this certain ruies, by which the affiliation of the individual 
quantized signals to the same packet is determined, are 
established in advance. 


The rules of fixation have four criteria: the criterion of 
the fixation of the beginning cf the packet, the criterion of the 
fixation of the erd of the packet, the criterion of detection, 
and the criterion of the fixation of the middle of the packet. 


The totality of the criteria assigned in descriptive form 
or in the form of corresponding mathematical and logical 
expressions determines the algorithm for the weightless proces- 
sing cf the packet. 


It is possible to take the appearance of a certain total 
set of unities and zeros at a fixed interval of positions or a 
certain series of the unities as the criterion of the fixation of 
the packet beginning. Furthermore, it can be required that the 
beginning of the packet ve fixed immediately after obtaining 
the first unity. 
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For example, the presence of a single unity pass at the next 
position can be taken as the criterion of the fixation of the 
end packet. In this case the packet represents the totality of 
the positions at which the unities follow without passes. The 
end of the packet can also be fixed in terms of the presence of 
a series of two cr several ‘k) pesses in succession. Then the 
packet is the totality or the pesitions at which k - 1 and less 
passes are possible. It 15 possible finally to make arrange- 
ments to fix the end of the packet in terms of the appearance of 
some combination of zeros and unities et an assigned number of 
positions. 


Most often the end of the packet is fixed tn terms of the 
presence of a series of k passes in succession. When the number 
of passes is being selected, 1t is necessary to keep the 
following in mind. If this number is small, then the probability 
of the "spiitting" or even the loss of the target is great. With 
large k the azimuth resolving power and the accuracy of its 
measurement are impaired. For the correct selection of number k 
it is necessary to have experimental data on the number and dis- 
tribution of passes in the packets during the tracking of real 
targets. 
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The accimulation (c#lculation) of unities between the 
beginning and the end of the packet is used for the detection of 
packet. The accumulator can be made so that the number of passes 
k =~ 1 in succession will also be less restored at the internal : 
positions. In this case, in the detection process not the units, 
but the positions between the beginning and the end of the packet’ 
accumulate at the output of the quantizer. If the number of 
positions in the packet exceeds a certain threshold number z, a 
decision on the detection of the packet is made. Conventional 
binary counters can be used as accumulators. This simplifies 

ge? the detection circuit. 
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The principle of pulse accumulation within the boundaries of 
the packet is illustrated by time diagrams in Fig. 3.12. In 
the absence of pulses at two adjacent positions, the accumulation 
of pulses ceases. The detection signal above the dotted line) 
4s transmitted upon the accumulation of five pulses. 


Besides signals on the position of the packet boundaries and 
on its detection, the accumulator can give out the number of 
pulses accumulated at the moment of fixation of the packet end. 


If tie beginning of the packet is fixed in terms of the pre- 
sence of 2 cei'ttain series of m positions or in terms of some 
combination of 2 unities at m adjacent positions, the criterion 
for the beginning of the packet is also synchroneous with its 
detection criterion, and the end of the packet is fixed only for 
the subsequent determination of target azimuth. Such detectors 
are called rv: ugrammed 


oft {mn ~ k* or lim —k*, 


where the fraction denotes the detection criterion, and k - the 
¢riterion of the fixation of the packet end. 
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Fig. 3.12. Time diagrams which illustrate 
the principle of pulse accumulation 
between the adjacent series of two 

zeros. 
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Pig. 3.13. Time diagrams which illustrate 
the principle of the fixation of the packet 
boundaries by programmed detector "3/3-3,* 


The prirciple of the fixation of the packet boundaries oy 
programmed detector "3/3-3" is illustrated in Fig. 3.13. In this a . 
case the packet detection signal is transmitted upon the : a 
appearance in the input sequence of the quantized signals of 
three unities in succession (a series of three unities). The 
end of the packet is issued upon the appearance of a series of 
three zeros. 


3.8. Methods of Estimating Target 
Azimuth During Weightless Processing 


During weightless processing of radar signals the azimuth 
of the target is determined by means of fixing the position of the 
middle of the detected packet. The detector signals are used 
as signals by which the position of the middle of the packet is 
determined. In accumulators (Fig. 3.12) such signals are the ° : 
pulses transm*ttted by the circuit during the fixation of the | 
beginning and the end of the packet, and the number of positions 
between the beginning and the end of the packet (the width of 


the packet). 


The position of the middle of the packet can be determined 
by the following methods. 
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1. By the azimuths of the pulses which fix the beginning 


and the end of the packet, with the subsequent determination of a0 
the arithmetic mean. ‘The algorithm for ceak Taav ing, the. azimuth een, 
in: this case takes the form fe oe ae 


: F «bet , = we e 
= = ee, ye 
e where gf 1s the target azimuth estimation, Bis the azimuth of 


the beginning pulse of the packet, and 8, is the azimuth of the 
final pulse of the packet. 


2. By the azimuth of the beginning and rinal pulse and the 
width of the packet. The algorithm for estimating the azimuth 
in this case takes the form 

ale 


i me + a8, ey 








Where N is the number of positions from total number of positions 
n, which corresponds to the width cf the detected packet, and 
4B is the angular discreteness of pulses in the packet. 





Algorithms (3.20) and (3.21) are extremely simple in reali- 
zation. In this case their advantage is in comparison with the 
algorithm for estimating azimuth with the aid of the weight function. 


The weightless processing of radar signals employs digital 
computers for which the input signals are the sequences of the 
quantized radar signals which take only two values (zero and 
unity). These devices function according to a definite, pre- 
determined algorithm and give out discrete signals on the detection 
of the packet and its boundaries. 
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Chapter 4 


AUTOMATIC EXTRACTION AND CODING 
OF TARGET COORDINATES 


4.1. Conjugation of Radar with 
Computers 


During the initial period of radar development the basic 
method of determining coordinates issued by a detection station 
consisted of the following. \ 


The operator determined the distance to the target and the 
azimuth and relayed these data by telephone. Later to increase 
reading accuracy, electronic range and azimuth markers began 
to come into use. Also, sector indicators, which give target 
blips in larger scale and by the fact increase the accuracy of 
cetermining coordinates, bezan to be used. 


However, such a method had a number of deficienc*es: poor 
accuracy in determining coordinates, which largely depends on 
the quality and the ability of the operators; every indicator 
indicated targets found in small volume, and chat is why the 
coordinates of only one or a small number of -losely situated 
targets were determined; the rate of data transmission is low, 
during transmission the data were substantially delayed and lost 
their value. These deficiencies, on one hand, and the great 
capabilities of radar in the rapid detection of a large number 
of targets, on the other, caused the development of automatic 
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extraction equipment. These devices can ve made in the form of 
analog servo systems or in the form of digital (discrete) 
extraction equipment. re 


The automatic extraction of data and the automatic input of 
them into a computer system solve the problem of the complete 
automation of those control circuits which have radar. Man 
retains only the function of checking and making the final 
decision on the basis of the machine-prepared data. 


‘Anal,’sis of the situation in the visuai range of one or 
several radars with consideration for the cluster spacing and 
the simultaneous movement of many targets, is carried out only 
by a high-speed computer. 


With the joint operation of the radar and the computer, the 
latter performs functions analogous to the functions of the 
operator. In this case the terminating device of the radar is 
not the indicator, but the automatic data extraction equipment. 
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Figure 4.1 illustrates the functional diagram of a radar 
station which outputs target coordinates es a binary code. The 


Re ke ee 


station includes: a synchronizer, a transmitter, an antenna 
switch, a receiver and scopes, and furthermore, automatic data 
extraction equipment, consisting of a preselector and devices 
for the digital determination of range 4 and azimuth 8. 
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The automatic data extraction device performs two basic : 
operations. ‘ 


“Phuattahtonibttes. Ateated’s 


The first operation is the isolation of a useful signal 
against the oackground of disturbances (noises), processing the 
signal in terms of threshold and in terms of position. This 
operation pertains to the primary processing of tne signal 
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and is performed by the preliminary selection unit or in brief 
form, the preselector. 
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Fig. 4.1. Functional diagram of a radar 
station which outputs target coordinates 
in digital code. 


| 
| 
i 
; 
i 
} 


The interferences are finally suppressed in the computer 
itself. The preselector performs only the preliminary extraction 
of the signal, from which it received its name. 4 


imeem. as Toc. 


The second operation is performed by equipment for determin- 
ing the range coordinates anc azimuth of the target. The range 
is determined by measuring the time interval from the moment the 
transmitter starts to the moment the reflected signal arrives, 
with the simultaneous conversion of the size of the interval © 
into a binary code. 
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Azimuth is measured by means of determining the position angle 
of the antenna in binary code at the moment the packet of 
reflected signals arrives from the target. 
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All the found target coordinates enter the storage unit of 
the computer in the form of binary code numbers. This operation 
is similar to the operation of target coordinate reading by the 
operator according u> che scale of the scope screen. | 


The automatic data extraction device, unlike tic scope, does 
~ not reproduce situation for the entire scanning cycle. This 
function is performed by the storage unit of the computer itself. 


Thus, the functions of isolating the signal, measuring 
coordinates and memorizing the situation during the work of the 
radar are separated in the computer while during the visual 

- extraction of data all these operations are performed by the 
operator. 





Because of such separation and computer use, each of the 
functions is individually performed more qualitatively and more 
precisely. 
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4,2. Digital Device for Detecting 
Radar Signals ‘Preselector) 


Preselector (Fig. 4.2), using the periodic properties of 
the pulse packet, isolates the useful target signals against the 
background of interferences. 


The pulses are fed from the output of the receiver to the 
limiter, where the voltages of the signals are restricted at 
the level of the established threshold (the binary quantization : 
of the signals is performed). The signals which exceed the thres- 
hold of limitation pass through the limiter and are standardized 
to constant amplitude and pulse width with the help of the 
Shaping cascade, which outputs a sequence of quantized pulses. 
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The limitation level is determined by the permissible false 
alarms. Since the absolute value of noises at the receiver 
output can vary (due to change in power supply modes, tube 
parameters and other reasons), then to maintain a constant relative 
level of limitation a circuit for controlling the threshold of 
limitation is used. 


The standardized pulses enter the threshold control circuit 
input, and from the output there is taken constant voltage whose 
magnitude is proportional tu the average number of pulses per 
unit of time. The standardized pulses also enter a series cf 
logic elements: TI-1, I-2, etc. Each logic element is a coinci- 
dence selector which gives a pulse at the output, if the pulses 
are fed simultaneously to its two inputs. Its range pulse is fed 
to one of the inputs of each coincidence selector. The range 
Pulses have an identical pulse width and each subsequent pulse 
is displaced relative to the previous one for a time equal to 
the pulse width of one range pulse. The sequence of range pulses 
covers the entire range of radar coverage. 
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Each logic element is exposed in the same range interval 
and therefore pulses only in the assigned range interval can be 
at the output of each one. 


Pulses from the output of the logic elements are analyzed by 
She pulse~sequence analysis circuit in accordance with the 
required law governing (logic) processing. 


E Pulses from the output of the analysis circuits, which 

F follow at different instants, are fed to one logic element ILT, 

| which gives a pulse at the output each time a pulse appears at 

; any one of its inputs. The target pulses which are cleared of 

, the noises and are normalized in terms of amplitude are taken 
from the output of this element. 
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' The range pulse generator (Fig. 4.3) has a Clock-pulse 
generator, a pulse counter, and a diode matrix. The circuit 
begins to operate under the action of radar synchronizing 
pulses which initiate the expander. The latter generates pulses 
whose pulse width corresponds to the time it takes for the 


electromagnetic energy to rea-h the maximum coverage and return 
(curve 2). 
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Fig. 4.3. Functional diagram of the range-pulse 


generator and curves of the voltages which control 
the range counter. 


The clock-pulse generator is the s 


Ource of standard Pulses 
(curve 3), 


The pulse-repetition period determines the width 
Of each range ring. 
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An expanded pulse (the strobe; curns on the calculation 
puise selector, through which a series of pulses (curve 4) enters 


the pulse counter. 


Every cell (flip-flop) of the pulse counter represents a 


. discharge of a binary number, therefore the incoming series of 


pulses is fixed by the counter in binary numeration. . 


At the terminaticn of the strobe a short pulse is produced 
(curve 5). This pulse recovers all the cascades of the pulse 
counter to the zero position ("reset"), preparing the counter 
for a new cycle of pulse series calculation in the following 


sending period. 


Each discharge of the pulse counter is directly connected with 
the diode matrix, which transforms the numbers bing issued by 
the counter into a sequence of range pulses. The circuit of the 
diode matrix which outputs eight cequsntial pulses is presented 
in Fig. 4.4. I+ contains as many pairs of horizontal lines, as 
the range counter has discharges (the figure shows three pairs of 
horizontal lines). Each pair of lines is designated "0" and "1" 
which correspond to two possible states of each digit of the 
counter. The high potential at the output of the flip-flop 
(the line is not connected to the ground) corresponds to unit Cie 
the low (the line is grounded) - to zero (0). 


Prior tc the admission of the first pulse into the counter 
input, all the discharges of the counter have the state (C, switches 
P (Fig. 4.4) of the diode matrix are in the upper position. 
Constant voltage U is fed through resistors Ro and Ry to the 
output of the circuit designated "0." Upon the arrival of the 
first range pulse, the counter of the first discharge is con- 
verted into the state "1," in this case voltage U will be applied 
through resistor Ry to the first output, etc. 





eA SRN CRETE. SUR SRE IME EERE SF ROY Ber 











ee ee ee 





Fig. 4.4. Diode matrix of the range pulse 
generator. [N = P] 


With the arrival of, for example, five pulses the state of 
counter can te characterized by number 101, which corresponds 
to position "1," of the switch for the third digit, to the zero 
position of the switch for the second digit and to position "1" 
of the switch for the first digit. Voltage U in this case will 
be fed through the resistor Re to the fifth output of the matrix. 
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Thus, at the ouvputs of diode matrix 0-7 we will obtain the 
sequential pulse series which corresponds to the states of the 
counter (Fig. 4.5). These pulses ere f2d to logic circuits 
Iel1-I-8 (Fig. 4.2). 


More complex is the device for analyzing the pulse sequence 
in the range ring (Fig. 4.6), it analyzes the incoming sequences 
of pulses in accordance with the assigned processing logic. 


The circuit works by the following logic: one quantized 
pulse - the beginning of the packet, the number of passes in 
the packet - no more than two in succession; the detection 












pulse is issued by the circuit, if these conditions are satisfied 
for no less than eight pulse-repetition periods; the end of 
the packet - three passes in succession. 


Fig. 4.5. Basic voltages of the range-pulse 
counter and diode matrix. 
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Fig. 4.6. Analyzer of the pulse sequence in the 
range ring. [HW =I; f3 = LZ]. 


99 


eee tne ARENA? 95 ne ONC te i sheen nate CE | ata SSAAR helen neERANS vpemmianett ta eetainne ~etianes 
a at Pate rent a rey a 


ms Py Lae 


= ac Receaniilinepscaseiongtod: Seo degks ane 








arc a NMA Ba Ue IDEN HARON Rb SOND eR dn 


eee 


ae Are te enor or nmnmarer anime 


A sequence of normalized pulses, caiised by the presence of 
target signals in noises or only by noises is fed to the input 
of the circuit. The circuit should analyze the incoming sequence 
of pulses and issue a target detection pulse, if there is a 
taryget, and should not issue a detection signal, if the pulse 
sequence is formed by the noises. 


The analyzer (Tig. 4.6) has a shift register, a circuit for 
analysis and for setting the counter to zero, a pulse counter 
and a diode matrix. 


The shift register memorizes (registers) the four outcomes of 
checking the presence of quantized pulses in the repet‘tion 
periods which follow each other. A distinction of the shift 
register from an ordinary pulse counter is only that the output 
of one cell (flip-flop) is connected to the input of the next 
cell, not directly, but through the. delay line. 


Shifting pulses perform the role of the zero-setup pulses; 
they put all register cells into the zero cells. If any cell 
of the shift register were in the zero state, then with the effect 
on it of the shifting pulse it would remain in this state. If 
this cell were in state "1," then after the admission of the 
shifting pulse it would be converted into state "0." In this 
case a pulse is produced in the cell; in a time equal to the 
transit time in the delay line, this pulse approaches the next 
cell, converting it into state "1." 


Consequently, after the admission of the shift pulse 
state "1" will displace from the previous cell to the rext. 


For example, if in the shift register there is the binary 
number 1111, then to shift it to one digit to the right, it 
is necessary to feed one shift pulse to the shi line. Since 
this pulse is the zero-setup pulse for all the cells, they all 
simultaneously return to state "0." In this case at the outputs 
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of all the cells there appears a Positive pulse of voltage which, 


running through the delay line, erters the input of the Subsequent 
cell and transfers 1t to state "1." 


Thus, after the bassage of one shift pulse instead of the 
code of number llll,the code of number 0111, etc., will be 
fixed in the register. 


<f quantized Pulses are not fed to the input of the shift 


register for a long time, state "9" is established in all cells 
of the shifting register. 


With the appearanceof quantized Pulse in any radar repetition 
period, the first cell Converts to state "1," and when the 
Shifting pulse is incoming, state "1" 45 displaced into the 
second cell. The shift pulse enters at the end of the repetition 
Period; therefore the shift will already occur toward the next 


repetition period and the first cell will be prepared to receive 
the next puise. 


The results of registering the Pulses in four sequential 
repetition periods enter the analyzing circuit from the shift 
register. This circuit analyzes the state of the cells in the 
shift register and in accordance with their State issues or does 
not issue the pulse to set the counter on zero. 


With the four cells of the shift register it is Possible to 
consider the state of the signals in four sequential repetition 
Periods or less. Let us Suppose the signals in cells 2, 3, and 4 
will be subject to analysis, and cell 1 is used for intermediate 
memorization. In accordance with logic in processing the Signals, 
the analyzing circuit will work in the following manner: if in 
cells 2, 3, and -' the state is "0," the analyzing circuit gives 
the pulse fcr setting the counter on zero; if only one cell 
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has a state of "1," the pulse counter during this period 
registers unity. The pulse counter computes the radar trigger 
pulses, and if the zero adjustment prises do not enter, it 
continues to count. Let us illustrate the operation of the 
circuit by two examples. 

One quantized pulse caused by noise overshoot is fed to the 
input of the shift register. In this case the state of the 
circuit elements can be presented in the form of Table 4.1. 


e 


Tadle 4.1. 





| 


Repetion period number 






Presence of quantized signai 


Counter readiny 





In the second repetition period the quantized pulse converts 
the first cell of the shift register to state "1," the shift 
pulse moves state "1" into cell 2, and cells 3 and 4 have state 
"0" as before. The pulse for setting the counter on zero will 
pass through the analyzing circuit, and counter will fix the 
first unit. 


In the third repetion period the state of cells 2, 3 and 4 
of the shift register will be characterized by code 010. The 
analyzing circuit will not give out a pulse to set the counter 
on zero, and counter will fix digit 2. 


In the fourth repetition period digit "3" will te fixed, while 
in the fifth the counter will be set on zero. 
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In a more complex case (Table 4.2) the circuit begins the 
count with the first quantized pulse, counting continues in the 
presence of one or two zeros in succession, and the count ends 
when three zeros appear in succession. If before setting the 
counter on zero we fix its readings and she values of the end 
of the packet, it is possible to determine the middle of the 
pulse packet and, consequently, the azimuth of the target also. 


Table 4.2. 
petisdt tor |. ac delays glee lett 
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However, in order to avoid the erroneous measurement of 
target azimuth with solitary overshoots caused by noise, one 
uses a device which issues target det:ction pulses only in a 
case where 2zfter the arrival of the first quantized pulse, the 
condition about the number of passes (no more than two) is 
Satisfied for a sequence of 8, 9, 10 or more repetition periods. 
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Such a device is made in the form of a diode matrix switched 
on to the first four digits of the counter (Fig. 4.7). 


If for seven repetition periods the requirement for the 
sequence of quantized pulses is satisfied (the number of Passes 
1s no more than two), then at the beginning of the eighth period 
the pulse counter will fix eight units in binary numeration 
(1090). This corresponds to positicn "1" of the switch for 
the fourth digit of the diode matrix and to position "0" of the 
switches for the first three discharges. 


In this case voltage U will be fed to circuit I (Fig. 4.6) 
through resistors Ry and Rg and the output of the 8-th matrix. 
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Fig. 4.7. Diode matrix which gives output 
voltages for 8, 9, and 10 clock pulses. (n= p], 


In circuit I it will be retained for the enti 
period, if the pulse for setting the counter 
follow. With arrival of the q 


re radar repetition 
On zero does not 


uantized pulse in the eighth 
period at circuit I, the pulse proceeds to the output and 
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will 
be the detection pulse delayed for a time corresponding to the 
time lag of the Signal from target. 
The output voltage at points "9" ang "10" 


is used in 4 case, 
where it is necessary to use the 9th or 10th pulse for the 


selection of the quantized signal. " 


Such a construction of the eircuit in at least eight repeti- 
tion periods satisfies the condition that the number 
g0es8 not excecd two, and the number of pul 
repetition periods of radar trigger 
than feur. 


of passes 
ses in a packet for ten 
Pulses comprises no less 
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The pulse sequence analyzing circuit (Fig. 4.6° is intended 
for operation in only one range ring. From the analyzing 


circuits which operate in all the range rings, the target detec- 


tion pulses enter logic circuit ILI (Fig. 4.2) and then the 
ranging circuit - a digital ranging system. 


4.3. Ranging in Digital Code 


The basis o/ constructing a digital ranging system intended 
for output of target range in the form of @ binary code is 
the dependence of range on the time lag of the signal reflected 
from the target: 
A=%, 
where Tt - the time lag; c = 3°10° m/s. 


This dependence is used to present range in the form of a 
binary number equal to the number N of pulses incoming from the 
clock-pulse generator for time 7: 


N=Fr, 


where F - the pulse repetition frequency. 
Then range 
e 
A= BN. (4.1) 


The functional circuit of a digital ranging system which 
operates by this principle is depicted in Fig. 4.8. The circuit 
has a clock-pulse generator, a pulse counter, an expander 
(strobe generator), clock-pulse selector I-i and distributor- 
shifter. All digits of tne counter at the beginning of radar 
triggering are found in state "0." 
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Fig. 4.8. Functional circuit of the digital 
ranging system. [HW = 1]. 


With the arrival of a synchronizing pulse which fixes moment 
of main bang radiation by the radar transmitter, the expander 
produces pulse (strobe), whose length corresponds to the maximum 
range of radar coverage. This pulse opens clock-pulse selector 
I-l1 and the series of ranging pulses enters the counter. 

Counter computes the number of pulses having passed, and there- 
fore target range. However, thus far these data from the counter 
do not enter anywhere, since the selectors of the range-code 
read-out - logic elements I-2, I-3, I-4 and I-5 - are included 

at the output of the flip-flop of every digit. 


Only with the arrival of the target pulses from the preselector 
(through the read pulse-shaping circuit) are the code reading 
selectors opened for a time equal to the width of the target 
detection pulse and the computed number is output to the computer 
storage unit. 


The read pulse-shaping circuit plays a special role in this 


system. This is caused by the existence of moments of time, 
when the range-code reading of the pulse counter is undesirable. 
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Such noments of time come right after feeding the next clock 
pulse (curve 1, Fig. 4.9), since after its arrival in the flip- 
flops of the counter, the transient processes which hinder the 
reading appear. 





(1} Heperclame apeueces 





Fig. 4.9. Read pulse-shaping circuit and the 
stress curves which illustrate its operation. 
KEY: (1) Transient processes; (2) Clock pulses; 
(3) To the read selectors; (') Target pulse; 

(5) Read pulse generator; (6) #lip-flop. 


Actually, let us assume that the reading occurs at the 
moment number 9011111 (31) changes to number 0100000 (32), 4.e., 
at the moment when the units are changed by the zero, and the 
zero by the unit. Error can be allowed in every digit as a 
result of the reading. The minimum readable number - zero 
(zeros are considered in all digits), the maximum - 63 (the units 
are considered in all six digits). Thus, instead of number "31" 


or "32" an arbitrary number within the limits from 0 to 63 is 
issued! 


The read pulse-shaping circuit provides range-code reading 
after the termination of the transient processes, even if the 
target detection pulse arrives at a point in time, when 
transient processes are not yet finished (curve 3, Fig. 4.9). 
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For this the clock pulses which pass delay line L3 and further 
enter coincidence circuit I are fed to the input of the circuit. 
However, in the initial state the coincidence circuiz: is closed 

at the second input by the low output potertial of the flip-flop 
and the read pulse generator therefore does not operate. With 

the appearance of a target detection pulse the flip-flop is tripped 
supplying positive voltage to the coincidence circuit. The next 


clock pulse passes through the coincidence circuit and starts : 
the read pulse generator. 


A pulse (curve 5, Fig. 4.9) shifted relative to the appro- 
priate clock pulse is formed at the output of the circuit. A 
pulse is fed to the read selectors. The time of delay line L3 is 
greater than the time of the transient orocess in the counter. 
This ensures correct reading of the ranv~e code. The flip-flop is 
returned to its snitial state by the pulse from the output of 


the coincidence circuit, which is fed to the second input of 
the flip-flop. 


With the termination of the pulse (the strobe) produced by the 
expander (Fig. 4.8), a short pulse which returns all the cells 
of the counter to the zero position is formed. 


Thus, in the course of one pulse-sending period, the target 


ranges from Anin to Anax are measured. Maximum counter reading N 
corresponds to the maximum range and is determined from the 
expression 


Anes 
N= (4.2) 


where Af is the width of the range ring. 


The accuracy in range coding is determined basically by the 
frequency stability of the clock-pulse generator and by the 
coincidence accuracy of the synchronizing pulse with the first 
clock pulse which starts the binary counter. 
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With the scanning of the radar coverage area, it is pos8ible 
to observe several targets at different rarges. In order that 
the data on the range of the different targets will enter the 
different storage .ells of the computer for further processing, 

a target switch and the distribution-shifter are used (Fig. 4.10). 
In the initial position high voltage is fed to the first line 

of the distributor-shifter, and to the second and third - low 
voltage... 


With the arrival of the first detection pulse range code 
is read, and then over a time equal to the transit time in the 
delay line, the target detection pulse enters the flip-flops of 
the switch, returning them to the zero state. 


In this case the first flip-flop forms a pulse which, in 
passing through the delay element (in the diagram not shown), 
converts the second flip-flop into state "1." Thus, the target 
switch is the shift register, which ensures the displacement 
of state "1" in turn into cells 1, 2, and 3 by pulses of the 
targets, which perform the role of shift pulses. The distributor- 
shifter makes it possible, by using the pulses of the target 
switches, to direct the range codes of the targets to the 
different storage cells of the computer. 


The units of the binary number are issued from the read 
selector output in the form of pulses with positive polarity. 
These pulses are distributed in any digit by three vertical 
buses, each of which is a voitage divider, consisting of resistor 
R with high resistanc>, an internal diode resistor and resistor 
r with low resistance. The cathodes of the diodes are connected 
to the horizontal buses; the anodes ~ to the vertical buses. 
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Fig. 4.10. Simplified distributor-shifter 
circuit. 


Diodes A,-Ay of the first horizontal bus are closed by the 
positive voltage fed to their cathodes. Remaining diodes are open 
and the circuits connected to them are shunted; therefore the 
positive pulses of the range code can pass only through resistors 
Ry» Ry» Ros and Rio of each digit correspondingly to the storage 
cell of the first target. 


After the extraction of the data in the first target the 
positive voltage is fed to the second horizontal bus, closing 
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the diodes corinected to this bus. In this case the code of the 
second target is transmitted to the second storage cell, etc. - 


On the described principle it is possible to construct 
distributor-shifter for a g-eat number of digits in the range 
code and for a large nusber of targets. a 


8.4. Digital Measurement of Azimuth 


The transformation of angula: coordinates into oinary code 
4s reduced to measuring the antenna angle of rotation (by 
azimuth or by the angle of elevation) and expressing it in bits. 
Since the reflected signal occupies a certain angle in terms of 
‘azimuth, the true direction to the tax get in the majority of 
cases is found as the arithmetic mean of the two readings: the 
beginning and the end of the pulse packet. Other methods of 
determining azimuth are alsc possible. 


a teense ceettich 


The means of determining azimuth in binary code can be 
realized by different methods. 


If, for example, the antenna rotates in terms of azimuth with 
con“*ant velocity than azimuth can be determined with the help 
of a circuit analogous to the digital ranging system. Actually, 
the angle of rotation 2 at constant angular velocity can be 
measured indirectly - by the antenna rotation time. In this 
case measuring the azimuth is reduced, as in the case of ranging, 
to converting the time interval into a number. 


Difference is that the expander (the strobe generator) 18 
started not by the radar trigger pulse, but by the pulse 
corresponding to the antenna bearirg at true ;orth. The 
operating cycle of the circuit is determined not by the repeti- 
tion period of the radar trigger pulses, but by the radar 
scanning time in terms of azimuth. 
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Such a method of measuring an ezimuth can be epplied only 
with the very rigid stabilization of the antenna scanning rate. 
However, under actual conditions, as a result of the inadequacy 
of mechanical gears, variable wind load and so forth, the 
rotational speed of the antenna will vary. For this reason 
the indirect methods of measuring azimuth practically have only 
limited dissemination. 2 


Best results are obtained, if the clock pulses extracted not 
from the clock-pulsc generator, but from the current azimuth 
senscr. The basic element of the current azimuth sensor is the 
converter of the angle of rotation into binary code. It is 
possible to use the most diverse converters. For example, 
converters with code disks, induction sensors, a magnetic drum 
and with other devices can be used. 


One of thc simplest versions of the converter is based on 
the use of a slotted disk. Along the periphery of the opaque disk 
there are slcozc, whose number corresponds to the discontinuity of 
the angle reading (Fig. 4.11), On one side of the disk there 
is a light source which creates a narrow beam. Each moment the 
beam illuminates only one slot in the disk. On the other side 
of the disk a photocell is instalied. The photocell converts the 
light pulses, which penetrate through the slots in the disk 


while it rotates synchroneously with the radar antenna, into 
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electric current pulses. 


To fix the beginning of reading and to trip-out the counter 
readouts (Fig. 4.12) at the moment of passage through the 
conditional zero bearing ("north"), one additional slot 
("reset" slot) 1s made in the disk and an additional photocell 
is installed. 
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Fig. 4.11. Opaque slotted disk 
for the converter of the angle 
of rotation into a number. 
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Fig. 4.12. Functional diagram of equipment for the 
automatic measuring and coding of the azimuth. 
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.The operation of the main units of the system is analogous 


to the operation the corresponding units of the digital ranging. 


system. The principal distinction is that the operating period 
of the azimuth measuring equipment is by approximately three 


orders more than the operating pericd of the ranging equipment. 


During antenna rotation the photocell converts light pulses 
into electric current pulses, which are then amplified and 
enter the azimuth counter as azimuth marks. As a result a binary 
number proportional to the azimuth of the antenna will be formed 
in the counter. 


With the pulse arrival of the beginning of packet, the read 
pulse generator produces a read pulse which opens the code read 
selectors of each digit of the counter. In this case the binary 
azimuthal number fixed by the counter is copied into the 
appropriate cells of the parallel~action adder. There the new 
readout of the azimuth counter, which is fixci sy it et the 
moment the end-of-packet pulse arrives, 1s also copied. 

The parallel-action adder sums up the binary numbers corres- 
ponding to azimuths BY, and By and divides this sum by halves. 


Over time tis which is equal to the adder execution time in 
the operation of computing of the azimuth of the target 8, the 
pulse of the end of the packet is fed to the selectors for reading 
the target azimuth code, for which it is delayed in delay line 
LZ) for time ti: As a result the selectors for reading the 
azimuthal code are opened and the binary number of the azimuth 
of the target enters through the distributor-shifter to th2 
memory unit of the computer for further processing. 


The distributor-shifter and target switch circui” , which 
ensures the admission of the data on target azimuths to different 
storage cells, performs the same as in the ranging system. 
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Clearing (cero adjustment) the acder and preparing it for 
the reception of new binary mmbers which characterize the 
azimuths of other targets is accomplished by the pulse of the 
end of the packet. For this the pulse is delayed in delay 
line LZ, for time t, > t,. : | 


Examined equipment makes it possible to measure the azimuth va 
of targets located in the radar visuzl range, with change in the 
antenra scanning rate within sufficiently wide limits. However, 
with a drop in the scanning rate to zero or with a reversel, it - 
ceases to operate normally which is its basic deficiency. The 
second deficiency is that the diameter of the disk should be 
large for the arrangement of a sufficient rumber of slots. 


aoe erecta ASTM 


Free </ the indicated deficiencies 1s the method for the 
determina.ion of target azimuth by reading the azimuth from the 
code disk. The binary code cf the angle of rotation is put by the 
photographic method on the transparent disk, which is fastened 
directly on the axis of the antenna (Fig. 4.13). In this case 
the disk is divided int» a number of sectors and rings. The 
width of the sectors 1 determined by the accuracy in azimuth 
determination, and the iumber of rings - by the needed number of 
code digits. Th. outer ring corresponds to the first digit of the 
code, the second ring ~- to the second digit, etc. To each value 
of the rotational angle of the antenna corresponds the fully 
determined, intermittent combination of light and dark sections. 
On one side of the disk there are pojJnt light sources, and on the 
other - a screen with a narrow slit. The screen transmits light 
to miniature photocells, whose number equals the number of 
digits (Fig. 4.14). The light beam passing through the disk 
causes the appearance cf current pulses in the circuit of the 
photocell. After amplification the pulses enter ‘the read 
selectors, fixing the code units in the appropriate digits. If 
in the other digits the luminous flux is covered by the sheding 
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in the disk, then there are no pulses at the outps* of tiv Z 
amplifiers for these digits. Zeros are fixed in the digite. 





Such a system can measure the angle of rotation of the disk 
regardless of the fact that it rotates, is stable or oscillates. 
Target azimuth in this case is deterrined by the following manner. 


The beginning-of-pecket pulse which enters from the pre- 7 


selector opens the read selectors (I-0-I-4), at whose outputs 
a code combination of ceros end units is created. This combina- : 


tion corresponds to the antenna. position at a given instant. 
The fixed binary number corresponding to azimuth B of the target 
reenters the parallel-action adder. 


Upon the termination of the pulse packet the new combination 
of zeros and units, corresponding to the new position of the 
disk enters the adder. The adder calculates azimuth B., of the 
target. In other respects the circuit in question operates just 
as the circuit shown in Fig. 4.12. 


However, a substantial deficiency is inherent in the circuit 
in Fig. 4.13. It is caused by the appearance of large errors 
during the reading cf the code, when the reading occurs at the 
boundary of the code combinations of two adjacent angles. For 
example at the boundaries of’ numbers 7 and 8, 23 and 24 there is 
an exchange of units and zeros immediately in four digits, but ‘ 
at the boundaries of numbers 15 and 16, 31 and 0 - even in five 
digits. If luminous fluxes are set-up with insufficient accuracy 
then different numter combinations which do not reflect the 
real azimuth code ére possible at such borders. 


The method of coordinating the moment of the reading with 
the transit process time, is unsuitable here, since there are no 
clock pulses usec in the previous circuit. To eliminate the 
errors in the readings not an ordinary, but cyclic binary code 
(the Gray code, Fig. 4.13b) is placed on the disk. In all 
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eases this code gives an error which does nct exceed the unit 
of the low-order digit. 





Fig. 4.13. Code disks with the applied binary 
e) and cyclic b) codes. 


For comparison of the different codes Table 4.3 gives 
decimal, binary and cyclic codes. The section of cyclic code 
combination is shown here for the sixteen positions of the disk. 

Light places correspond to the transparent disk sections which 
give the unit during the reading. Places with xxx correspond 
to zero. For convenience the digits are arranged not in the 
form of a ring, but in the form of direct bands. 


It is apparent from the cyclic code examination that all 
wne digits are equivalent, and during the transition from one 
binary number to another there is a change only in one digit. 
Consequently, it is feasible to read either one or the other 
nearest number on the boundary of two digits. In thia3 case an 
error in the reading will comprise only a small fraction of cone 
division, i.e., part ot the unit of the low-order digit. 
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Cyclic code reads itself by the circuit in.Fig. 4.14. In 
this case the Gray parallel code is obtained. The number obtained 
in cyclic code must be fed to the adder to compute the target 
azimuth in the form of a binary code. For this purpose trans- 
lator of the code from a cyclic to a binary code is included in 
the circuit. For simplicity in the code translator circuit, 
the parallel cyclic code is converted into a pavallel tinary 
code in two stages. First the parallel cyclic code is converted 
into a sequential cyclic code, then ~ into a binary code. To 
convert the parallel cyclic code into a sequential code shift 
registers are used. One of the versions of these registers was 
examined in the digital computer for radar signal detection. 

The parallel code is input simultaneously into all the celis 
of register, and then the shift pulses alternately move the 
recorded code forward into the last cell of the v,egister, whence 


the sequential cycliz code 1s aiso removed. 
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Fig. 4.14. Functional circuit of the equipment | 
for the extraction of the azimuth code using the 
code disk. [(H = I]. 


4.5. Algorithm for the Primary 
Processing of Radar Information 


Usually the device used for the primary processing of radar 
information 18 a specialized electronic digital computer, whose 
discharged functions can be divided into two groups: the deter- 
mination of the plane coordinates of the targets and their 
identification; and the determination of the altitude and 
characteristics cf the targets. 


The first group includes: obtaining information from circular 
scan radar and identification equipment; the extraction of target 
signal from “he received information; determination of the range 
and azimuth of the target; typing the identification signals 
obtained from tne identification equipment to the target 
coordinates; the temporary storage of the radar information; and 
the conversion of the information into a form convenient for 
transmission of the data to higher headquarters over the lines 
of communication. 


The second group includes: the reception from the control 
post of request instructions (target designations) concerning 
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the need for the altitude measurement or for the determination 
of additional target characteristics; the generation of control 
signals which ensure the turning of the altimeter antenna to | 
the assigned azimuth; providing the operators with visual data on 
the characteristics of specific targets; and the preparation 

of data for the operator for decision-making on the transmission 
of the information to the command pos:. . 
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Radar information from the output of the equipment which 

-4gsue3 data in binary code is usually transmitted for recording . 
‘onto a magnetic drum (MD) which rotates at high speed. A 

Magnetic drum is like the delay lines, in which the information 
(obtained at different ranges) is stored. Each track of the 

drum has a recording néead and a reproducing head. The rotational 
speed of the magnetic drum and the transmitting frequency of i 
the radar transmitter should be orecisely synchronized in this 
case. 


At a specific moment in time the reproducing heads begin to 
read the recorded target signals for a given range. The number 
of recorded pulses, with the help of storage circuits and 
comparison circuits, is compared with the preset number, which is 
useful information. The useful information from the signals 
received is separated by the above-described methods, and, as 
soon as the recorded pulse packets are identified with the targets 
their characteristics (range, azimuth, approximate group com- 
position, etc.) are automatically determined and presented at the 
outpnt of the machine. 


Identification information, as a rule, is processed in a 
separate channel of the computer ani is accompanied by special 
tag in the issued r2port. 


With a complex air situation the information on some targets 
can be stored in the computer for several seconds before it 
enters the line of communication. Thus, the measurement of the 
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time interval between the moment the last pulse of the packet 
is received and the moment the information is transmitted to the 
output device is provided %or in the computer. If the lag of 
the information exceeds a set magnitude, the information is 
considered obsolete and is erased. 


All the information about the target - target number, azimuth, 


range, pulse width of the packet, storage time, identification 
tag and synchronizing pulses - is concentrated at the output 
device for the computer informaticn. Other target characteris- 
tics, as a rule, are determined an: transmitted by special 
request from the control post. 


Let us examine the algorithm for gathering and processing 
the information. This algorithm is realizable in the computer 
in the primary processing stage. 


As a rule, the algorithms for a different kind of problems 
are presented in the form of a structural (block-diagram) or a 
operator recording. In this case a principle is used, on whose 
basis the process of solving any problem can be divided in a 
series of independent arithmetic and logical stages called 
operators. Regardless cf the conditions arithmetic operators 
fulfill the specified assigned commands always equally. The 
logical operators fulfill the next instruction depending upon 
some condition. 


Thus, for instance, the logical operator which checks the 
tergets for the "ours-foreizgn" tag, leads to the execution:-of 
different commands depending on the presence of one or the other 
tag. If the target has an "ours" tag, it is eliminated from 
distribution; if a "foreign" tag - it is left in the distribution. 
Before constructing the algorithm,analysis is made of the problen, 
and in accordance with its outcome a resolving method is selected. 
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- Every operator can be a certain group of commands for a 

given stage of solving the problem, and it can also consist of 

a single commard. The automatic problem solving process on the 
computer, besides the arithmetic and logical stages, also contains 
some others, for example: the transfer of numerical material 

from punchzarés, punched tapes and magnetic tapes to the computer 
storage and vice versa (the transfer operators correspond to 
these stages); ard m2chine halting to which the halt operator . | 
corresponds. j 


des lied, illawowlh his diet cree wed ata ao ENT 3 nite ag Saccdnes acl lee Ral 


ee ae 
te VTC NORA CAE SATE AO al Rene manne is ree age meee 
a 


Each operator is designated by its symbol (letter): the 
arithmetic - by the letter A; the logical - by the letter R; the 
transfer operators ~- by the P; and the machine halt operator - 
by the letter Ya. : 
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Figure 4.15 gives the block-diagram of the algorithm for | 
the primary informaticn processing by the computer. 
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In the structural record of the algorithm the problem resolving 
process is separated into stages, each of which is illustrated 
by a rectangle (block) with a record of the stage content. 
Blocks are connected by arrows, indicating from which block 
and to where the control is passed on in the course of solving 
the problem. 


The first stage - the conversion of the radar pulses from 
radar code into the binary digital code of the computer - is 
expressed by transfer operator Pi 
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The second stage is the determination of presence in this 
signal of a sufficient minimum of useful information by means 
of comparison with the established criterion. If the signal 

/ contains the necessary minimum of information, permission for 
| transition is given to the following operation. If there is 
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Fig. 4.15  Block-diagram of the algorithm 


of primary information processing. 
Designations: f= P, P = R. 


123 


rae emnnelimarenmmmmneneiaiatattaiomsaaataan emeresaledieeaeemneiamnaneaaeeieaeneaae 


Target "foreign" 





NN eR a aeRO RECURS semi eitrneranneA 


Ai tana 


a 


a ried ivahentvcae® 


Facttiaret sacst 


inp aso hcstcah stiacleieaitbr 


aa stlAC ae 


eh 























fs So tage Sia is 


ur eitibos ask shakin. LIA esi ae 


aoa 


: no necessary minimum, the signal is rejected. Logical operator 
|. R, corresponds to the second stage. 


< In the third stage the target is identified by comparing the 
signal with the different type characteristics (speed, magnitude, 
density of the signal, etc.) of the normalized (averaged) target. 
If it is established that the signal corresponds to the char- 
acteristics of aircraft or missiles, proceed to the folloving A 
stage; if conformity is not established, then signal is rejected. 
Logical operator R3 corresponds to the third stage. ie 





In the fourth stage, which is expressed by arithmetic operator 4 

Ay» target coordinates ff, 8 are computed and a request for 
determining the altitude of the target is transmitted. After 1 
this they proceed to the next stage. ; 
‘ 

t 

4 


The fifth stage, which is expressed vy logical operator R-,, 


identifies the target. If the identifization equipment takes the 


"foreign" tag together with the signal from the target, control 4 
is passed on to the seventh stage, if the "ours" tag is taken - 4 


to the sixth stage. 1 


The sixth stage (arithmetic operator Ac) adds the “ours" tag | 
to the signal from the target, after which control is passed 
on to the eighth operator. The seventh arithmetic operator Ay 
completes similar action, but with the "foreign" tag. 


don cones enn A, RCTS. 


The eighth stage (logical operator Rg)s by comparison with i : 
the criterion of antiquating the information with time, checks 
whether this information has become obsolete or not. If the 
calculated time of antiquating exceeds the permissible limit, 
the information is rejected. If the time of antiquating is 
less than the permissible limit, control is passed on in parallel 
to the three arithmetic operators Ags Ayo» and Aya: 
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Ag - the arithmetic operator of information output to the 
visual dirvlay equipment. 


Aig - the arithmetic cperator of information output to the 
printer. 


Any - the arithmetic operator of informaticn input to the 
communication cnannel for transmission to the headquarters of 
higher authcrity. 


At this point primary information processing ends. The logic 
circuit of the examinec algorithm for primary tnformation pro- 
cessing can also be written in operator form. In this case the 
logic circuit of the algorithm is illustrated as the alternation 
of operators, each of which is furnished with a digit, which 
indicates the ordinal nusber of the operator? 





P,=1-—|P,=1 | 
—*T— Pr-e Pas Ay Pa habs P, Aadinhn F 
f t 
P,=0 P, =0 haa P,=0 


Designations: f= P, P = R, and A = Ya. 


The arrows show the direction in which the control proceeds 
from one operator to another. 


The logical operators, unlike the cthers, can (as already 
mentioned) fulfill one of two commands. For example, logical 
operator Re for target identification is expressed this way: 


{3° if the target is "ours"; 


Re 3 0, if the target is "foreign." 


For convenience the logic circuit of the algorithm is some- 
times written in one string; in this case the crrows between 
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the neighboring operators are omitted. If during such a record 
the operator symbols stand in queue, then this means that the 
operator to the right gets control from its neighboring operator 
to the left. If the operator to the right does not gain control 
from the operator to the left, then a semicolon is put between 
then. 


In a case where control is passed on not to the cperatcr to . 


the right, but to any other, the transfer of control is designated 
by an arrow. The arrow which corresponds to condition "1" of the - 


logical operator is drawn above the operator string and the arrow 
corresponding to condition "0" - below the string. If the 
transfer of control is not bound by any conditions; the arrow is 
drawn abitrarily. 


The above-given logic circuit of the algorithm for primary i 
processing in accordance with the indicated rules will be 
written in the following manner: 


ig gt 
*|P.P.A,P,A5 AP, A, Aw NS 
10,11 


Designations: [|= P, P = R, and A= Ya, 


The solution to the problem on this algorithm begins from 
the operation of the operator to the extreme left, after whose . 
execution of the acticns follows the execution of the actions of 
the operators in order. When the queue reaches the logical : 
operator, then upon the execution of logical sondition the 
actions prescribed by the next operator to the right are performed, 
and with failure - the actions are performed by the operator, 
to whom the arrow from the logical operator points. The algorithm 
action is finished by the halt operator. 





Re Ee ON TBA 


EAT AT Ta TEP Pre PPE ee 


NEL RENCE FARE PERLE IERIE AAP Pe en Wey ee ik 


i 
z 
E 
& 
k 
3 
g 
y 
% 
| 


Extraction of Information 


4.6. Equipment for the Semi-Automatic 


Aiiong with equipment for the automatic extraction of r. dar 
information at the present time being widely used is equip- wor - 
ment for semi-automatic extraction from radar linked with the 
ACS. 


The essence of the semi-automatic extraction of radar 
information consists cf the following. Blips from targets are 
reflected on screens of the scopes are chserved visually by the ; 
operator. The operator selects frum ail the blips those which 2 } 
must be taken for tracking, and with the help of special 
equipment the coordinates cf these blips are extracted. 


The semi-automatic extraction equipment can be coupled both 
with the conventional different types of scopes and with special 
indicators. With the use of conventional scopes the latter 
are equipped with opto-mechanical extractors, and with the 
special scopes of the ACS they are linked by electron-optic 
extractors. 


The opto-mechanical method of extracting infurmation 
consists of the fact that the light spot (light marker) whose 
position varies on the screen scintillates with the help of 
the extractor on the screen of the cathode-ray tube. Operator, 
by turning the lever, mechanically combines the light marker with 
the target blip. Since the extractor lever is connected to 
the transmitters of coordinates on tne X and Y axes; with the 
coincidence of light marker with the target blip on these 
transmitters, mastered wili be the values of tne target coordi- 


netes (X,, -~ X and a - Y ye 


Mapu MapK 


In practice the electron-optic method, with which an 
electronic marker whose pcsition is determined by the values of 
the voltages extracted from the transmitters of the extractor 
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equipment is reproduced on the cathod2-ray tube screen, has 


been largely disseminated. The scopes simultaneously scintillate.  ~ 


the primary radar cituation being supplied from the output of 
the radar receiver R.S. ané the so-called secondary situation 
which is the blips of tne electronic markers, various map 
symbols and digits. 


The electronic marke: is fed to the scope screen (Fig. 4.16). 
The position of the marker is determined by voltages U,,, and U 
which are extracted from potentiometers R x and Ry of the 
extractor. “he brushes of the potentiometers are moved by t::2 
operator with the help of mechanical linkage. As a result of 
this the marker moves over the screen. At the moment the marker 
coincides with the target blip, the extraction button is pressed 
and relay P triggers. The contacts of the relay switch on the 
coordinate potentiometers to accumulators Cy and Cys on which 
voltages vm and Un" Below, these voltages can either be trans- 
mitted directly to the display units or be precoded, and then 
transmitted over communication channels. 


ym? 


To reproduce the blip of the marker it is necessary for a 
certain time ton discontinue admitting tc ecathode-ray tube deflec- 
tion coils the time-tase sawtooth voltages and at this moment 
to supply the constant voltages of the marker. The frequency 
at which it is necessary to scintillate marker should be such 
that on one hand the marker would be observed as nonscintillating 
point, and, on the other, that the loss of information because 
of scan discontinuity would be minimal. I* has been established 
that these requirements are satisfied by a marker scintillation 
frequency of 15-16 Hz. Scan is interrupted by a special 
inhibitor, which is synchronized from the general timing 
mechanism. Besides scan discontinuity, it is necessary to feed 
the marker illumination to the control electrode of the cathode- 
ray tube. 
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peasaee “the described opto-mechanical and electrcn-optic 


_ . methods of. the extracting radar information, there 1s also the 
. electronic method, which has many divers.ties. 


The electronic 


semi-automatic extractors are referred to as & different kind of 
“pen styluses" (light pen stylus, beam pen stylus, electropen 


=e » Plezopen stylus, magnetic pen stylus, etc.)- 
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CHAPTER § 


SECONDARY PROCESSING OF RADAR 
INFORMATION 


5.1. Definition and Makeup cf 


Secondary Processing 


Aerial target information cbtained as a result of the primary 
processing of radar information can 2ontain those or other 
errors caused by the random nature of the signal reflected from 
the target. 


Because of the inccmplete breakdown of false information in 
primary processing equipment various “inds of interference Signals 
enter together with the target signals tre input of the equip-~ 
ment for further data processing. The totality of the information 
on the "true target" coordinates at the output of the primary 
processing equipment is acceptably called the target blip. 
Correspondingly, the total set of "faise target" coordinates is 
called a false blip. 


A single target blip only approximately reflects the true 
position of the target in the visual range of the radar at the 
moment of location. By it alone it is still not possible to 
make a reliable decision about target detection, much less to 
judge such target movement parameters as speed, acceleration, 
course, etc. 
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In connection with this, it becomes obvicus that primary 
data processing based on analysis of the reflected signsls of a 
target within the limits of one radar scanning period does not 
give exhaustive information on targets within visual range. It 
is only the initial stage of data extractior. In order to make 
the correct decision on the presence of a target and to determine 
its movement parameters, it is necessary tc analyze the informa- 
tion obtained per several scanning pericds. The operator, who 


observes the screen of the circular-scan ecope uses the same 
appreach. _ 


If at any poirt on the screen a single blip appeared, the 
operator records it as a possible target. If in the next scan 
the blip appeared again and furthermore moved a certain distance, 
then there is already a basis fcr making a decision on target 
detection. Naturally, by using the biips obtained after three 
sequential scans, the probability of correct target detection 
will be even greater. At the same time it is possible to 
determine the heading and speed of target movement. 


Thus, during the observation of signals on the radar score, 
*t 7a possible to note that the target blips are moving and 
ar . flight trajectory, repeating with certain accuracy the 
movement of the target in the area. Due to this the target 


blips mainly retain those regularities which are characteristic 
of the target itself. 


For real moving objects (targets), cnaracteristiec is the 
fact that between their previous and subsequent position there 
is a connection caused by the inertial properties of reai 
targets and by their ultimate maneuverability capabilities. 
Therefore, it is possible to assertain that over a certain, 
rather short time the subsequent blip should be located in 
vicinity of the previous one. Morecver, Jt is possible with 
definite accuracy to guess the coordin:tes of the next blip, if 
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we first compute the value and heading of the target's flight 
speed. Similar regularities develop more strongly the smaller 
the interval between the previous and subsequent blips. With 
an increased interval such a connection, as a rule, weakens and 
can disappear entirely. 
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The most probable reasons for the appearance of false blips 
: are caused by purely random factors. In view of this the laws 
governing the appearance and disposition of blips on the radar 
! scope prove to be different. They are developed first of all 
when there is no connecticn between blips from scan to scan. 
Palse blips appear chactically, in different places on the scope 
sereen, while the target blips are zituated (with a certain 
spread due to srrors in measuring) along the trajectory of target 
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movement. 


By observing position of the tlirs on the scope screen from 
one scan to another, the radar operator distinguishes the 
false target blips from real ones. 


Tne operations performed b:: the operator can principally 
be furmazized, and their execution can be laid upon a specialized 
electronic digital (or analog) computer. In this case in the 
semiautomatic processing system, the automations will be subject 
only to the operation of determining the parameters of target 
movement anc producing cf predicted coordinates. The other 
processing tasks are performed in the semiautomatic system by 
‘ the operator visually or with the help of mechanized equipment 

(extractors), which make it possible to increase the rate and 


the accuracy of visual processing. 


Unlike the semiautomatic system an automatic processing 
system solves the problems of processing target trajectories 
completely using electronic digital computers. In this case 
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the computer, whose storage capacity and operating apeed should 

i . be sufficient, analyzes the change in the coordinates of the 

f _ targets and establishes the laws governing their change from 

: scan to scan for each target individually. On the basis of the 
given analysis, it. is possible to reject the false targets 

because of the absence of reguiarity in their change. 


Automatic or semiautomatic processing of information obtained . 
after several radar scans for the purpose of detecting and 
contintously tracking the trajectories of the targets is called bas 
the secondary processing of radar information. | | 


It includes the following operations: | 





- the determination of the target movement parameters 
(course, speed, acceleration, etc.) by tne data obtained after 
several radar scans; : 
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- the isolation of the area of space in which with certain 
probability the appearance of a blip in the next sweep 
(blip extrapolation) is expected; 


- the comparison of the extrapolated coordinates with the 
new ones and tying the new blip to the target trajectory 
(continuation cf the trajectory). 


Secondary processing equipment separates the trajectories of 
the moving targets from the individual blips given out by the 
primary processing equipment. 


Thus, if during primary processing the useful information is 
separated from the signal and noise mixture on the basis cf the 
statistical distinction in the structure of the signal and the 
noise, then the secondary processing, using the distinctions in 
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the laws governing the appearance of false blips and target blips, 
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should ensure the separation of the trajectories of the moving 
targets. j ae =e 


5.2. Construction of the Trajectory 


of Target Movement 


The basic data which determine the trajectory of target 
wovement are the space coordinates of the target biinps whose 
change corresponds to the law of target movement in space. 


In general. target movement can be described by the coordinates 
of its center cf mass, which are random functions of time. The 
precise determination of the pattern of these functions requires 
analysis of tie utilization tactics of the appropriate facilities 
and their maneuverability capabilities. 


The trajectory of terget movement depends upon many factors 
and conditions, such as the type of target, flight altitude, 
speed, maneuverability capabilities, etc. Frrthermore, the 
target trajectory is influenced by a whole series of random 
factors (disturbances), under which are implied all the reasons 
which misrepresent trajectory or which hinder its detection 
and reproduction. Those pertaining here, for example, are the 
random oscillations of the target around a kinematic trajectory, 
which are caused by the effect of the random perturbations of 
the medium, by errors in the target control system, by instrument 
errors in measuring the coordinates by radar, by primary 
processing errors, by false blips, by blips from ground features, 
as well as by man-made disturbances. Let us briefly examine 
each of the component disturbances. 


The random purturbations of the target around an assigned 
trajectory are a process with the normal probability distribution 
law. The mathematical expectation of such a process equals 
zero, since on the average the target is held to the assigned 
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trajectory. The random deviations are characterized by disrersion : 


and the correlation function which determines the comnection 

of these divergences in adjacent radar scan. Correlation function 
is found experimentally for each type of target and for each 
concrete control system. 


Only the random component is considered in the errors of 
measuring the coordinates; systematic component is not corsidered, 
since it can be compensated for. Random errers are subjected 
to normal distribution law of distribution. For circular-scan i 
radar having a scanning period of several seconds, random errors 
in coordinate measurement can be considered uncorrelated in 
the neighboring scans. 


False blips appear randomly and independently withir the 
limits of the entire radar visual range. It assumes that the 
false biips are distributed evenly in terms of time; with average 
density 9 (blips/s) it is therefore possible to compute the 
density of the false blips per unit of area. By knowing the 
total number of false blips which appear in the visual range during 
period T5 which equals pT» we will get the density of the. false 
biips 


Soa (551) 


where n - the number of assigned units of area. 
Thus, the statistically false blips can be characterized 


either by average density with time p (blips/s), or by density ‘ 
v per the unit of visual range area. 


Target-reflected pulses can fade in certain cases due to 
fluctuations. This fading can be described by the Poisson law. 


The enumerated and certain other factors compel one to 
attribute the movement of the targets to the category of processes 
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with parameters which randomly change with time. Evidently, 

for a statistical description of such processes it is necessary 
to knew the probability distribution laws of the parameters which 
determine these processes. However, it is possible ts obtain . 
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such laws practically. Therefore, it is necessary to set some 
hypotheses concerning the statistical characteristics of the 
processed signals, i.e., to proceed from a more or less likely 
statistical model of the target's movement. 


“The selection of a specific modei of target movement depends 
on what kind of targets the seccendary processing equipment will 
svecificaily have tc deal with. Thus, for example, if system 
is intended for processing the trajectories of ballistic missiles 
and earth satellites, then the models of thei» movement can be i 
represented by the equations of curves of the second order ! 
(ellipse, pargvola, circle). If the system is intended for 
processing the trajectories of aerodynamic facilities, for 
example, such as 2ircraft and winged missiles, then the medels 
of their moverent are a total set of sectors with rectilinear 
and uniform movement and a total set of maneuvering sectors. A 
polynomial movement model can be taken as the basis for this 
type of equipment. It is based on representing the precess 
of change in target coordinates in a limited observation zone 
in the form of a polynomial of degree n relative to tiine: 


¥ (0; t= Vogl Bet bbb Olt usb beh (5.2) 
b= 
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where by - a coeffictent which determines tie trajectory 
parameters upon which these or other limitations are 


imposed. 
Cn the strength of' the nature of the movement of aerodynamic ; 
targets (random alternation of the sectors of rectilinear uniform 


flight and maneuvering), three basic requirements for automatic 
“racking systems are formulated: 
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- in the sectors for straight flight an. in maneuvering 


sectors, the hypotheses about the nature of coordinate change 
‘with time must be diffeient; 


- in the straight flight sector the change in coordinates 
with time is more simple to describe by polynomials of the first 
degree, i-e., to make a hypothesis about the rectilinear, 


uniform movement of the target: : . . 
x(eut VE a 
¥(thazy,+ V, (5.3) 


HQ) =H, + Vat; 


- in the maneuvering sector the process of change in 
coordinatee with time is best of all described by polynomials 
of the second degree: 
a(NeutVE+ Ze, 
YMH=H+V E+ Ze, (5.4) 
H(t) =Hy+ Vat + £8, 


where ays ay» ay - accelerations at each coordinate. 


Representing the coordinates of a maneuvering target by a 
polynomial of a degree higher than the second does not give 
considerable advantages in the accuracy of estimating the trajectory 
parameters. 


Thus, the trajectory of target movement is represented in 
the turm of a sequence of polynomial sectors with different 
coefficients and degrees of polynomials. The processing system 
should therefore be reconstructed in accordance with the nature 
of the movement of every target. 


The polynomial model of target movement has a substantial 
disadvantage, which consists of the impossibility of accounting 
for the unforseen (unexpected) maneuvering of the target. 
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5.3. Automatic Detection (Automatic 
Lock-On) of Trajectories 


The process of secondary processing is broken down into two 
separate stages: trajectory detection and trajectory tracking. 


The automatic detecticn (automatic lock-on) of trajectories 
is the beginning moment cf secondary processing. One of the 
feasible methods of automatically locking-on to the trajectory of 
a target is presented in Fig. 5.1. 


Fie. 5.1. For the explanation 
of the automatic lock-on to 
the trajectory cf a target. 





Suppose single blip 1 from the target appeared. It is taken 
as the initial blip of the trajectory. In the following scan 
the second blip belonging to that trajectory should be searched 
for in a certain area included within the ring with area 


S,= 575 (02 aoe Tamia) (5.5) 
where Ty - radar scanning period; 
Me in and a aes Sedat minimum and maximum target 


Not one, but several blips can fall into area Si and each 
of them should be counted as a possible continuation of the 
Supposed trajectory. The speed and the heading of the movement 
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of each of the supposed targets is calculated using the two blips, 
and then the positicn of the blip for the following (the thira) 
scan is extrapolated. Circular areas 55 are formed around 
extrapolated blips 3. 


If a blip fell into any area 35 in the third sean, it is 
considered as belonging te the detected trajectory, the trajectory 
is extended and the olip is passed on for tracking. 


The examined metnod for automatic lock-on results from 
analysis of radar operator's actions during visual trajectory 
detection. All the automatic lock-on operations can be 
formalized and their execution be laid on computers. The 
operations which are performed in the automatic lock-on process 
are reduced to tne extranolation of the coordinates, to 
smoothing them and to strobing the blips. In this case the 
coordinates are usually ext°-apoleated on the strength the 
hypothesis about the uniform and rectilinear movement of the 
targets, which is caused by the little observation time. The 
simplest shape in the form of areas limited by azimuth and 
range is given to the automatic lock-on zones (Fig. 5.2). The 
accepted unit for measuring the area of the zone is the area of 
the elementary sector: 


S, == 4043. , (5.6) 


Fig. 5.2. Trajectory autcmatic 
lock-on zone. 
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If we take the distribution of false Siips in the visual rance 
as being unifors, ther. average number of blips within the limits 
of the elementary area is 


w=f. (5.7) 


2D 
where N3 z ane - the number of elemervary areas in the circular 
scan zone of the radar. cs 


It is acceptable to evaluate the quality of automatic 
iock-on: 
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- first, by the average number of false trajectories being 
transmitted for tracking per unit of time; 


- second, by the reliability of the autoratic lock-on 
(by the probability of detecting the true trajectory); 


- third, by the required operating speed and by the storage 
capacity of the compucer, which realizes the automatic lock-on 
algorithm. 


The problem of automatic lock-on in essence is the problem 
of checking the statistical hypotheses. By analogy with the 
detection of a target against the background of interference, 
during primary data processing let us take hypothesis Hig concerning 
the fact that the obtained sample Xp2 Xoo soos Xp, of connected 
blips belongs to a false trajectory, as well as hypothesis Hy . 
that this sample belongs to the true trajectory. 


With the automatic lock-on of the trajectories it is advanta- 
geous to reduce the number of observations in order that lock-on 
is made as quickly as possible. From this viewpoint, during 
the composition of the automatic lock-on algorithm it is convenient 
to use the sequential analysis criterion, whose peculiarity is 
thet there are many stages in the statistical experiment for the 
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selection between hypotheses Hq, and Ho: The decision on con- 
tinuation or curtailment of the experiment in this stage Jepends 
on the outcome of the previous stage. 


' Weing the sequential analysis criterion for the likelihood 
function of the hypotheses, 


Wks, Xageoes Xellt) = W (xt) W(XAH,)... W (XS 
Wis, Faye-cy Sefli,) = W (xslt, W(X sH1,)... W(X Sih), (5.8) 


and the likelihood ratio is 


“a! 
Mra tn HTT r (5.9) 
W(x, /H, ) . 
where vu, * WG TEy ~- the quotient of the likelihood ratio, { 
1°°0 calculated using the results of the i-th 
test. 
| 


If after the next test likelihood ratio (5.9) exceeded 
upper threshold B, the decision concerning the fact that 
hypothesis Hy is corrected, is accepted, but if this ratio is 
less than lower threshold A, then the decision on the validity 
of hypothesis H, is accepted. if A < A(x,, X5, 111, x, < B, 
then tests continue. 


The vaiues of the upper and lcwer thresholds can be determined 
by the formulas: 5 


A= T= Bet = “Fe y (5.10) 


The application of the sequercial analysis criterion makes 
it possible to reduce the number of cbservations in making a 
decision about trajectory detection, and this increases the 
autom:ztic lock-on range and reduces the volume of required storage 
in secondary processing computers. However, the optimal 
sequential algorithms of automatic lock-on, which are based on 
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the creation of the likelihood ratio, prove to be too cumbersome, 
therefore it is more expedient to construct algorithms on the 
basis of detection criteria 7Z/m" and "n/m" examined in Chanter 3. 
In this case values 2 and m (for criteria ""/m" and "a/n" 
respectively) are taken as being equal to 2 or 3, which it is 
completely sufficient for solving the practical problems of 
trajectory detection. 


5.4. extrapolation of a Target 
Trajectory and its Smoothing 


Aenean ryt ann eee 


As has already been shown, the automatic lock-on to 
trajectories is composed of the extrapolation of blips, soothing 
them and strobing them. Let us examine these operatiors in more 
detail. 


The extrapolation proces3 consists of the fact that the 
coordinates of the next biip are calculated by using the 
coordinates of the previously obtained blips. This proolen is 
complicated because of the fact that the blip coordinates 
being utilized for pre<iction contain errors. Because of this 
the results of the extrapolation also have errors, in certain 
cases exceeding the errors of the initial data. 


Extrapoiation requires a knowledge of the laws governing the 
movement of targets, on the basis of which the trajectory runs. 


Many methods of extrapolating target coordinates exist. 
In the simplest case for computing the coordinates of an 
extrapolated blip, it is necessary to find speed Vi in the i-th 


Scan. 


The component for velocity v5 for coordinate x is 


143 


rigee eg ee ee 


5 re Ee a et 
eee Sur 
sae ee a IA 


Ot 
t 
| 

Ro 
' 

PR 4 
! 
; 
4 

uy 


where T, - the scanning period. 
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Vigg wo 2th, . (5.11) 


The ccordinate of the extrapolated blip is 


=> 5,+ VT (5.12) 
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Similar calculation is made for coordinate y. 


_ However, such a prediction of coordinates on two blips in : 
the n-th and (n-1)-th scans gives considerable errors due to 
errors in measuving the speed, therefore the predicted 
coordinates are made more precise by averaging the speed in 
each subsequent scan. Averaged speed v, with consideration for 
measured value v. in the n-th scan is usually determined by the 
formula 


Vom Ven + He Vos, =! 4 (5.13) 


where ven, - the averaged speed for the previous scans without 
the n-th blip. 


Such a prediction method is good for the case of the uniform 
and rectilinear movement of the target (1.e., when the 
coordinates of target movement are described by a polynomial of 
the first degree). 


If the target maneuvers (1.e., its coordinates change in 
accordance with a polynomial of the second degree), then : 
coordinate 


x, ha Valet Te (5,14) 


where ax ~- the averaged acceleration of coordinate x with con- 
sideration of the n-th blip. 
















In general the: coordinate of the extrapolated bitp is 
described by the algorithm . 


segue - oe (5415) 


where n- the number of blips utilized for the predietion (one 7 
' blip of the last sean is taken es a blip with the 
_Subseript n = 1); 
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- for a maneuvering ‘target 
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| Mean eee [+ 2) (8 +3) 28 (A+7) + 100, (5.17) 


Let us determine these coefficients for the nonmaneuvering 
target during extrapolation in three sequential scans (n = 3): — 
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Thus, for a prediction using three blips per scan the 
extrapolation algorithm for the nonmaneuvering target will 
first have the fcrm: 


4 1 2 
Sony = Xe meh tte ate (5.18) 


It is easy 4:0 reckon that the weight coefficients for the 
maneuvering target during extrapolation in three sequential scans 


will be equal: "33 64) = 3; 1924) = -3; "31 4) = 1. 
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The extrapolation algorithm in this case will have the 
form. 
. Xp 0g  Aats = Se, — Be, + ty, (5.19) 


Let us examine examples sf use for these algorithms, assuming 
that three blips with coordinates x, = 6, X» = h, x3 * 2 are 
received from the nonmanenvering target, and from the maneuvering 
target x, = 9, X5 * 5, x3" 2. 


Then, the extrapolated coordinate for the nonmaneuvering 
target, in accordance with expression (5.18), will be Zeined 
as 


Soy = St Eh G28, 
and the extrapolated coordinate for the maneuvering target, in 
accordance with expression (5.19), will be defined as 


Foy =3-9— 3-5-4 2— 14 


Algorithms of this type are rather simply realized on computers. 
Single deficiency is that with an increased number of blips, 
by which the next coordinate is predicted, larger computer 
storage capacity is necessary. 


In the extrapolation process errors appear and the predicted 
coordinates, with only some assumptions, determine the true 
position of the next blip. Accuracy in predicting depends on 
the accuracy in determining the coordinates. The greater the 
errors in measuring them the worse the prediction. Errors 
increase noticeably, when the target maneuvers. 


Even the processing methods also affect the accruacy of the 
extrapolation. First of all this concerns the selection of the 
extrapolation algorithm. Thus, the algorithm, the basis of 
which is the hypothesis of the rectilinear and uniform movement 
of the target, will give the greatest errors in those sectors 
where the target performs a maneuver, 
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‘The magnitude of an extrapolation error largely depends on 
the extrapolation interval: the greater the time the target 
position is predicted, the more intense the increase in pre- 
diction errors. This develops especially when the target is 
maneuvering. The selection of the prediction interval should 
be reasonabie. 


The number of blips used for processing will also affect 
extrapolation errors. With an increased number of blips, the 
extrapolation errors are reduced, but computer storage capacity 
should correspondingly be expanded, which is not always possible. 
Figure 5.3 gives the dependences of the rms extrapolation errors 
upon the number of blips used for the extrapolation (a) and 
upon the prediction interval (b). 


a) Fig. 5.3. For determining the rms 
extrapolation errors: a) from the 
number n of blips; b) from the pre- 
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a : . diction interval t. 
a i KEY: (1) For maneuvering targets; 
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The particular case of extrapolation when the prediction 
interval is taken as equal to zero (1.e., there is no pre- 
diction) and the improved position of the blip admitted fast is 
crailed smoothing the trajectory. A decrease in errors in 
determining the coordinates of the current blip during smoothing 
is reached because of the use of the information from the 
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previous blips. For the purpose of cmoothing it is possible to 
use the algoritha . 


aD tek y (5.20) 
ml 


which unlike the extrapolation algorithm has other coefficients. 
These coefficients for the case of the nonmaneuvering t-~get 


A tern inl 


are found from the exrpession - 
" _ @—2—2 
Vem Sie t ty ° (5.21) 


The smoothing algorithm for a nonmaneuvering target with 
three blips will have the form: 


Kes E4i+ FH Fh (5.22) 


During a maneuver (during a coordinate change in conformity 
with the polynomial of the secon2d degree), the smoothing weight 
coefficients are found from the expression 


Yeu SETHE G [8+ 1) (4+ 2)—21(40 +3) + 100), (5.23) 


The smoothing algorithm for a maneuvering target with four 
blips will have the form: 


Seu — Fat Ty et Fat Wyte (5.24) 


A simplified block diagram of the resolver for realizing 
the obtained smoothing or extrapolation algorithms using three 
coordinate values is given in Fig. 5.4. The diagram includes 
the memory unit (delay lines N34 and N35) intended for storing 2 
the last two values of the coordinate, equipment for realizing 
the weighting function (ny > No» N3)s and an accumulator (2). 


The last value of coordinate Xy is weighed in conformity 
with weight coefficient ny and, furthermore, enters the input 
of the first delay line. The values of ccordinates Xo and X3 
obtained in the second and third scans after a delay for To and 
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Fig. 5.4. Simpliried block- 
diagram of the resolver for 
smoothing or extrapolating a 
coordinate. 





| 
: i 2T) are multiplied by their weight coefficients. The obtained 
| values simultaneously enter the input of the accumulator, at 

} whose output the values of the smccthered or extrapolated 

| coordinate is obtained. 

The extrapolation and smoothing algorithms of the coordinate 
obtained above are rather complex in realization. The 
difficulties are basically connected with the need for having 

individual circuits for processing each of the independent 
coordinates. It is more simple to extrapolate and smooth 
precalculated course and speed of the target. By using the smoothed 
speed and course values one can clearly determine the smoothed 
and extrapolated coordinate values. With this method the volume 
of computations is considerably reduced, since instead of smooth- 

| ing four quantities (x, y, v,, vy)> only two (Vv, and a) are 
smoothed. Furthermore, with this method of processing the 

‘ appearance of a target maneuver is facilitated. 


Pika cnGatay pe cb acid hehe accentuate mnnatins 2 


As is known, a target can maneuver either in terms of course 
or speed or simultaneously with respect to both parameters. With 
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the independent processing of each of the coordinates it is 
difficult to determine the kind cof maneuver, but in the case 
of selecting vi and Q, as operating parameters, the kind cf 
maneuver is determined considerably easier. Furthermore, in a 
steady maneuver regime one of the parameters cf the trajectory 
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usually remains more or less constant, and the second changes 
according to linear law. This makes it possible during a one- 
parameter maneuver to continue smoothing the other parameter. 
During the uniform and rectilinear flight of the target, the 
course and speed are constant, therefore the smoothing process 
is very simple. 


With the smoothing of the trajectory parameters, all of : 
their values with identical weight regardless of the remoteness | 
of admission are used. Analysis of the real trajectories of 
targets shows that even in sectors where there is no preconceived 
maneuver, the correlation of subsequent values vy and a, with 
their previous values decreases exponentially. Thus, to smooth 
trajectory parameters it is advantageous to apply a method in 
which the previous values are considered with exponent ially- 
decreasing weights. 


In the simplest case where the course and the speed of the 
target are constant, to find their next value smoothing only 
the current measurements and the previous smoothed values are 
used: 


Que = (1 —k) G+ ke Qeaned 
Vee = (Lhe) Vat be Vin yes (5.25) 


where Ko - the smoothing coefficient. 


Figure 5.5 presents graphs of weight function Nis at different 
values of ky The weight function for smoothing the course takes 
the form of an exponential. The less Ky? to a lesser degree are 
considered the results of the previous measurements (the less 
the smoothing), and vice versa. The exponential smoothing of 
the pacameters can be applied in the real algorithms for smoothing 


and extrapolating both a nonmaneuvering and a maneuvering target. 
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3 Fig. 5.5. Weight functions 
10 during exponential smoothing. 





For the detection of a target maneuver the most simple to 
calculate are the absolute values of increments in the speed and 
course of the target using the formulas: 


[4Vo] =| Ve-+ Ve f : 
jaf-$a+asf (5.26) 


Then the squares of these increments are compared with the 
halves of the root-mean-square values of the random errors in 
the evaluation of this parameter (0.586 and 0.582 ae 

n n 


2 
Qn 
made that the target maneuvers in terms of course (in terms of 
speed), and for smoothing the course (speed) Kom = 0.1 is taken. 
If these quantities are less than 0.564 5 then a decision is made 
about the absence of a course (speed) maneuver and K um = 0.5 for 


if [a0,1? > 0.582 or |AV,|? > 0.564 , then the decision is 
n 


smoothing. 


Let us examine the principle of extrapolating the coordinates 
using the trajectory parameters. In general form this principle 
can be explained thus. Let target coordinates Xn and va be 
obtained at the moment of the last scan (Fig. 5.6). Furthermore, 
the trajectory parameters at this point (Vie Q,) and their first 
increments (AV, and 4Q,) are calculated. It is necessary to 
determine coordinates Xnatl and Vat1’ 
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ben (V, +997) Tom Velo “9TE (5.27) 


The course of the target will change at this time by a 
magnitude of AQ, and will be equal to Q41 = Q + AQ,» and speed 


Vv = ve + Avie 


| 
i 
; The distance which the target wiil fly at time To» 
i 
{ 
n+1 


The coordinates of the extrapolated blip are: 


Vets = Ye Yq + 0s (Q, + 4Q,). : 


no Non tet: cat ited EWR taSSuinan sete sini = 





Fig. 5.6. For clarification of the principle of coor- 
dinate extrapolation with respect to the trajectory 
parameters. 


In order to obtain paraneters Q. and Vays it is necessary to 
have at least two blips, but to calculate their increments AQ and 
AV = not less than three blips. Errors in calculating the 
coordinates of a blip at future positions will be determined by 
the errors in measuring the coordinates at the current point, as 
well as by the errors with which the trajectory parameters and 
their increments at this point are determined. | 
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flight trajectory are obtuined (Fig. 5.7). The first problem 


5.5. Tracking the Trajectories of 


Targets 


Tracking the trajectcries of targets consists of continuously 
joining the newly obtained blips to their trajectories, in. 
smoothing the coordinates and calculating the movement péremeters 
of the targets. If the tracking 1s performed automatically, it 
is called sutomatic tracking. 


Let us examines the principle of realizing automatic tracking 
during the secondary processing of data obtained from surveillance 
radar. Inn contiguous radar scans, blips which form the target 


underlying the solution during automatic tracking consists of 
smoothing the coordinates and calculating the parameters of the 
trajectories which are issued by consumers. 
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Fig. 5.7. For explantation of the means for realizing 
automatic target tracking. 

wow~ ~ Obtained trajectory. 

- Smoothed-out trajectory. 
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Let several blips be obtained in the (n + 1)-th sean. It is 
necessary to determine which of them belongs to this trajectory. 
By using the data of the krown'(n - 2)-th, (n - 1)-th and the = th. 
acans and extrapolating for one scan ahead, it is possible to pre- 
dict the position of the (n + 1)-th blip of the trajectory : i 
(n + 2),° 


ne, 
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ad oad 


anes = t 
As a rule, due to instrument and calculation errors, as well t 

as because of an expected target maneuver,‘ the extrapolated 
blip coincides with none of the newly obtained blips. _The veiative |’ 


‘position of the extrapolated and the newly obtained blip in the 


(n + 1)<th scan is random and is determined both by the accuracy 

of coordinate measurement and by the nature of the target 

maneuver. If the statistical characteristics of errors in 
coordinate measurement are known and the probability characteristics 
of the degree of the authenticity in the obtained solution are 
assigned, it 13 possible to isclate the area around the extrapolated 
blip (for example in the form of rectangle with sides Ax and Ay). 
This area is acceptably called a strobe. The coordinates of the . 
center of the gate coincide with the coordinates of the 

extrapolated blip. If the dimensions of the gate are selected 

so that the probability of hitting its true blip 4s great, the 

blip which hit the gate should belong to this trajectory. 


Evidently, the greater the dimensions of the gate, the higher 
the probability of hitting its true blip. However, in this case 
the probability of hitting the gate and false blips increases. 
Decreased strobe dimensions increase the selectivity of the process 
of blip sampling, but in this case the probability of missing the 
true blip increases. 


In cases where not one, but several blips strike the gate, a 
new problem arises - the extraction of the true blip inside the 
strobe, 
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Finally, a situation can artce where there will not be a 
singie blip in the gate. Then the «xtrapolated blip is taken as 
the true one. 


“Thus, tn gutomatic tracking process the following operations 


are performed: 


= smoothing the ccordinates and determining the parameters 


of the trajectory (course, speed, acceleration, etc.); 


- the extrapolation of the target coordinates for the next 
sean or for ceveral scans ahead; 
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- the extraction of the gate in which the appearance of a 
new blip is expected with certain probability. 


- comparing the ccerdinates of the extrapolated blip with 
the coordinates of the blips which dropped into the sate and 
the selection of one of them to extend. the trajectory. 
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According to the nature of the performed operations, 
automatic tracking is reduced taaicaily to solving the problems 
of parameter computation and to selecting true blip from the 
false one. 


5.6. Gating and Selection of Blips 
in Gates 


Gne of the basic operations performed during automatic track- 
ing is the selection of blips for the extension of each of the tra- 
Jectories being tracked. The problem here consists in "tying" the 
blips observed in the next radar scan to the trajectories heiug 
tracked. This operation is performed by comparing the target co- 
ordinates and movement parameters obtained in the next current 
sean with the extrapolated coordinates and characteristics of the 


3s 





tracked trajectories. To simplify the process of trajectory 
selection, the coordinates of the observed and extrapolated 
blips are compared only in the gates. 


Gating can be physical and mathematical. Phystcal gating is 
the extraction of the probable area of appearance for a blip 
belonging to the tracked trajectory by means of the direct effect 
on the radar receiver. In this case the output of the receiver 
is triggered only in the area of the probable appearance of 
a blip. Mathematical gating is the formation of the probable 
area of the appearance of a blip in the form of an unknown totai 
set of numbers (the gate boundaries). 
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During the processing of data in the polar coordinate system 
the gate is set by two range values and by two azimuth values, 
which determine the gate boundaries (Fig. 5.8a), or by the 
coordinates of the center of the gate and ty its dimensions 
relative to the center. 





During the processing of data in the rectangular coordinate 
system the gate is set by two pairs of coordinates, which 
determine the gate boundaries, or by the cocrdinates of the 
i center of the gate and by its dimensions relative to the center 
(Fig. 5.8b). 
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Radar = Xy Xy Xe 
b) 





Fig. 5.8. Gates: a) in the poler coordinate system; b) 
in the rectangular coordinate system. 
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During the sorting of blips into the polar gate the following 
inequalities are checked: 


| 4, — Mel < Alors 
13,—Bl< Adan +30) 


and during the sorting of blips into the rectangular gate: 


1X1 — 01S Axes (5.31) 
19: — Yel S AVery 


The blips which satisfy inequalities (5.30) and (5.31) can 
be the extension of the trajectory. The separation of a 
singular blip from ail those available in the gate is performed 
during the selection of blips inside of the gate. 


The dimensions of the gate are chosen from the condition 
that an assigned probability of hitting into its true blips 
is provided. To obtain this probability close to unity, under 
the normal law of distribution of cumulative errors it is 
necessary to assume the gate dimensions equal to six root-mear- 
square cumulative errors in measuring this coordinate, for 
example: 


Xam Fy = yz 


The cumulative errors in measuring coordinates Sipe Syps bar? 
and Ser depend upon target maneuver, extrapolation errors, 
instrument errors in coordinate measurement, upon the passage of 
blips and upon a number of other factors. All of this leads to 
increased gate dimensions. Thus, in automatic tracking systems 
at least three gate sizes should be developed for the selection 
of trajectories: 


1) @ narrow gate for nonmaneuvering targets in the abs<nce 
of blip admissions; 
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2) an average gate for the tracking of maneuvering 
targets in the absence o? blip admissions; 


3) awide gate for the tracking of maneuvering targets in 
the presence of blip admissions. 


The impingenent of false blips into the gate creates in it 
an uncertain situation which requires further analysis. During < 
analysis two approaches are possible. 


1. With several blips in the gate, to extend trajectory 
for each of them. In this case it is evident that the 
trajectories by the false blips are soon broken, and the 
extension of the trajectory by the true blips will discontinue. 


2. To seiect in the gate one blip whose probability of 
belonging to the trajectory being tracked is the greatest, 
and to discard the rest as false blips. Just such an approach 
is also examined below. 


In general form the problem of selecting blips in the gate 
can be presented as a problem of checking the two rival hypotheses 
Ho and Hy for each blip which drops into the gate. Hypothesis 
Ho maintains that this blip is false, while hypothesis Hy - 
that this blip belongs to the tracked trajectory. If the 
likelihood functions of the hypotheses are known, then solution 
to the problem of selecting blips is reduced to checking the 
condition 

Lae patty > Ke — (5.33) 


where Beg 8 


polar coordinates; 


4 = 1], 2, ..., m) - number of blips in the gate; 
L - likelihood function; 


K, - solution threshold chosen from the 
condition of the minimum of an error 
of the first kind. 
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The likelihood functions of the hypotheses are easser tu 
compose not in terms of blip coordinates, bt in terms of their 
deviations from the gate center. Moreover, it is easier to 
allow for the basic statistical distinction in the deviation: 
of the true and false blips, which consists of the fact that 


“the law of probability distribution of the deviation. of the true 
blips from center is normal, and the law of probability dis- 


tribution of the deviation of the false blips from the center - 
uniform. The selection prccess is optimized by the eriterion 
of maximum likelihood, itn accordance with which that 
likelihood function of which is maximum, is taken as the true 
blip, i.e., : 


L(SA, 43,) =~ max. 


This function is characterized by the txo-dimensional normal 
law: 


i t 
Lal 38) Vie | ~a)* 


[Zeta FE], 


where ry - correlation coefficient of quantities 4a, and AB,- 


We will designate the expression in brackets oe Then, 
_L(aM, 43) = 





i 
Fi =a el — 3G —A ral: (5.34) 


From the last expression it follows that to maximize the 
likelihood function it is necessary to minimize Aa 1.@., 


yp a aah 4 FE mi (5.35) 
eas © g3%5s pe 


Eauation (5.35) is the equation of an ellipse whose center 
coincides with the center of the gate. 


159 








~~ emenet JCPR IC RC PARLOR ono 


nd cay 


Thus, the optimal rule-for selecting blips by the: ‘maximum 
likelihood method is reduced to choos ing a blip, whese total. 
elliptical deviation from the center of P the gate will be. ss 
minimal. 


If we proceed to the rectangular coordinate system with. a 
the beginning of the coordinates at the gate center, equation 
45.35) will be written in the form: 
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If te ignore the correlation of deviations, the sélection of 
blips is simplified and is reduced to calculating the sum of 
the squares of the deviations along the coor ate axes for each 
blip which dropped into the gate: 


eae 2, (5.36) 
- y 


and to comparing the obtained results between them for the purpose 


2 2 
of choosing a blip with As = Anin’ 


Furthermore, if we assume an. = oo 


reduced to calculating the Bene of the linear deviations of 
the blips from the gate center. 


» then the problem is 


Figure 5.9 depicts a simplified formula-logic diagram of 
the selection of blips during physical gating in the polar 
coorcinate system. The sequence of the algorithm fulfillment is 


the following. 


1. The gate dimensions for the following sean (gate 
dimensions are chosen by taking into account target maneuver, 
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min BE | 
Fig. 5.9. Simplified 
formula-logic diagram of Extrapolation 
the selection of blips in algorithm | 


the gate. 


the presence or absence of target passes in the current scan) are 
selected according to the processing results in the previous scan. 


2. The coordinates of the gate boundaries are transmitted 
to the physical gating circuit of the radar receiver. The 
signals are removed from the receiver output only within the 
limits of the gate. These signals undergo primary processing. 


3. The number of blips detected in the gate is computed. 
If there are no biips, the command is led to take the extrapolated 
for the truc one; if there is a single blip, then it is immediately 
transmitted to the input of the extrapolation algorithm. With 
detection in the gate of several blips, the information on them 
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enters the calculation block to determine the normalized 


deviations of the blips from the center of gate. 7 


4. The squares of the total deviations are equal and one 


blip with x? = oe is selected; the latter is led to the input 
of the extrapolation algorithm. 


5. After extrapolating, the selection cycle is repeated. 


The quality of the process of selecting blips in a two- 
dimensional gate can be evaluated by the probabiiity of correct 
selection, i.e., by the probability of the fact that in the 
next scan the true blip has been selected for the extension of 
the trajectory. If a section is made in a rectangular gate, 
in which the false blips are evenly distributed with an 
identical average density v, and the dimensions of the gate are 
chosen in such a way that the probability of the true blip hitting 
into the gate in the next scan equals unity (Py = 1), then the 
probability of a correct selection under che assumptions made is 
determined by the expression 


1 
Pom TP levies (5037) 


It follows from this expression that the probability of 
enrrect selection is greater the less the density of false 
blips and the less the total root-mean-square deviations of 
tne true blip from the center of the gate. 


In conclusion, we will decide on the resolving power during 
the selection cf trajectories by means of gating. By the 
resolving power of the method of selecting trajectories is meant 
its ability not to confuse the trajectory of two close targets 
moving over similar trajectories. Resolving power can be 
evaluated by the minimum distance between trajectories at which 
the resolver does not entangle the trajectories with an 
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assigned probability. The possibility of entangling presnbortne 
trajectories is illustrated. by wigs ‘5. 10, 


Fiz. 5.10. Possible version of . = 
confusing blips during the 
tracking of close trajectories. 
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The gates for tracking trajectories I and II mutually 
overlap, and both blips (TO, and TO.) enter the overlapped section 
of the gates. If the blips are sorted out by the minimum 
distance from the center of the gate, then they can be «tangled. 
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The resolving power of the selection methods is usually 
analyzed immediately by two (even by three) coordinates. The 
solution of a two-dimensional (even a three-dimensional ) 
problem is rather complex, therefore we will restrict ourselves 
to evaluating resolving power only by one coordinate during 
the sorting of blips by the linear deviation method. 


If we assume that the blips enter without passes and the 
targets do not perform those not provided for by the algorithm 
for the automatic tracking of the maneuver, then the probability 
of entangling the trajectory is 





P, = t — PassPror (5.38) 
where p - the probability of the correct selection of the 
nol first blip for the extension of the first 


trajectory; 


163 





ec) aR ENS ACER NER ARE WUAENRENRRR cme same r= en Be 


P - the probability of the correct selection of the 
second blip for the extension of the second 


trajectory. 
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Since the probabilities of blip deviation from 30 
are identical, P nol 2 P 02 and therefore 


and 30 


1 2 


P,=1i— P,. (5.39) ; 


Using this formula a graph (Fig. 5.11) is constructed which 
shows the dependence of the probability of trajectory 
entanglement upon the normalized distance: 


mage, (5.40) 


where Ly - the distance between centers of the gate at coordinate 
Xe 


Fig. 5.11. Graph of the dependence 
of the probability of blip 
entanglement upon the normalized 
distance between gate centers. 





For example, it follows from the graph that the trajectories 
are resolved with a probability of 0.95 when m = 3.5, i.e., when 
distance Le = 3-58 5+ 


5.7. Criteria for the Quality of 
Secondary Processing 


The information at the output of the secondary processing 
equipment is the initial information on the air situation and 
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can be directly used for controlling the active means of 
air defense. 


Naturally, the quality of troop control and the results of 

. using the active means of air defense depend on the quality of 
radar information. Thus, malfunctions in tracking the target 
trajectories and errors in determining the coordinates and 
parameters of their flight lead to increased employment of air 
defense facilities on each target. Part of the air defense 
facilities can be diverted on account of the presence of false 
trajectoriez. As a result of this there are the prerequisites 
for the passage real targets. Thus, the quality of radar infor- 
mation has a whole series of requirements. 
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The basic criteria which characterize the quality of the 
secondary processing are: the accuracy in tracking the targets; 
the time of continuous (without malfunctions) target tracking; 
the number of trajectories which are being tracked simultaneously 
and the time of their existence; and the resolving power of 
the secondary vorocessing equipment. 


To quarantee high accuracy in tracking the trajectories of 
targets, it is necessary first to insure high accuracy in 
coordinate extrapolation. The accuracy of extrapolation shows 
the basic effect of target movement (course, speed) on the 
quality of parameter determination since they are produced during 
extrapolation. Furthermore, the effect of the process of the 
smoothing of the target blip coordinates which come in discretely 
show up on the accuracy of the issued cvordinates. 


It must be kept in mind that the accuracy wf the output 
information is influenced by not only the optimality of the 
extrapolation and smoothing operations, but also hy the optimality 
of the operation of comparing the blips in the gate. If the 
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comparison is optimal, then the maximum probability of selecting 
the true blip from the target is guaranteed for the continuation 


of the route of target movement. Selecting the true blip 


contributes to increased output data accuracy, and, on the 

contrary, during selection for the continuation of the route 

of the false blip (or the blip belonging to another route), the 

output data accuracy is reduced. Moreover, under certain condi- - 
tions disruption in tracking the target route during comparison 
ean occur, when the route formed in the process of selecting 

false blip sharply differs from the true one, and the blips 

from the target cease to enter the gate. The quality of the 

comparison is influenced also by the size and shape of the gate. 


Thus, the selection of the gate and the method of comparing 
the blips in the gate affect both the accuracy of the output 
data and the reliability of tracking the trajectories of the i 
targets. The blip comparison method should be optimally selected 
on the strength of the maximum probability of selecting the true 
blip for the continuation of the target route. Since in this 
case to extend the target route either a true or a false blip 
is selected, it 1s more expedient to select an optimality 
criterion based on the maximum value of the likelihood ratio. 
Furthermore, if we fix the probability of false blip selection 
then we will arrive at the Neumann-Pearson criterion, which is 
known from the detection theory. It is corpletely natural 
therefore that the time for continuous tra king of the target 
trajectories depends completely on how optimal the operations of 
smoothing, extrapolation and comparison will be. It is measured 
by the magnitude of the mathematical expectation of quantity 
ty ~ the time for the ccntinuous tracking of the target trajectory. 


The throughput of secondary processing is determined by 
the sequence of execution of the operations, by complexity of 
the processing algorithm and by the operating speed of the 
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processing equipment. Throughput will be higher, the sore 
simple the secondary processing algorithm and the greater the 
operating speed of the computer on which this algorithm ia | 
realized. . : ee 


The number and duration of falee target trajectories depend 
chiefly on the method of trajectory input for tracking. During 
manuai input (into semiautomatic control systems), (he number of 
false trajectories will be minimal, since the operator feris 
the blip coordinates already se“ected by him into the machine. 


During automatic lock-on the number of false trajectories 
is determined by the operating logic cf the automatic lock-on 
equipment. The automatic lock-on to the target trajectories is 
achieved, as a rule, according to a certain number of blips 
following in succession, i.e., similar to the detection of 
Signals in the logic circuits of primary processing. Hence it 
follows that the optimality of the lock-on process shculd be 
examined from the viewpoint of providing maximum probability in 
detecting actuai trajectories with an assigned (permissible) 
provability of detecting false trajectories. Consequently, during 
the optimization of the lock-on process, it is advantageous to 
a ply the Neumann-Pearson criterion. 


Tne resolving power along the target trajectories is determined 
by minimum distance / between target trajectories at which the 
probability of "skipping" from the trajectory of one target 
to the trajectory of another will be greater than the assigned 
probability (Fig. 5.12). To ensure a high resolving power for 
trajectory tracking it is necessary to accurately extrapolate 
the target coordinates and to apply the optimal methods of 
comparing the blips in the gate. 


Thus, the quality of secondary processing is determined 
basically by the accuracy of the extrapolation, smoothing and 


comparison operations. 


Fig. 5.12. For determining the 


resolving power alcng the trajec~ 
tories. 





In conclusion, let us examine the construction principle of 
the equipment for the automatic tracking of target routes. 
Tracking is performed on the basis of a computer. A simplified 
block-dizgram of such equipment is depicted in Fig. 5.13. 
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Fig. 5.13. Simplified block-diagram of the equip- 
ment for the automatic tracking of target trajec- 
tories. 


The basic circuit element: are the extrapolating and selecting 
equipment (usually realizable in the form of computer operating 
programs). The extrapolator calculates the target coordinatee 
for one or several radar scanning periods ahead, using the target 
coordinates for several previous scans for this purpose. Data 
are stored in the immediate-access storage of the computer and 
are reviewed in each tata processing cycle. 
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in the s¢lector the gates are made for each individual 
trajectory and the situations in the gates are compared. As a 
result, the circuit continuously tracks the target trajectories, 
tying new blips te them. At the same tine, the false blips are 
sereened in the comparison process. In this sense the automatic 
tracking of trajectories is an adé@itional means of screening out 
the false information which can enter from the output of the 
primary processing equipment. 


5.8. Algorithm for the Secondary 
Processing of Radar Information 


As an example, let us examine the block-diagram of the 
secondary processing algorithm for the american semiautomatic 
troop control system for the "Sage" Air Defense System (Fig. 
5.14). In this case it is assumed that the information after 
primary processing enters the control post not only from radar, 
but also from other sources of information. Because of this 
the algorithin for the secondary processing of information repeats 
the individual operations of the primary processing algorithm. 


The algorithm of secondary data processing begins from 
operator Ay» who inputs the datg into the computer from the 
communicaticn channel, which has a means of extracting the 
information, and control is given tc operator Po. 


logic operator Po determines whether a given signal is a 
message about a target or whether it is interference. This 
determination is performed by comparing the incoming message 
with the previously established criteria. 


If the sigral is a message about a target, control is given 


to operator Pas but if the signal is interference, it is rejected. 


Logic operator Ps by comparing the positions of a standard 
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Fig. 5.14. Block-diagram of the algorithm 
for the secondary processing of information. 
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data card, determines whether the data is sufficient in the signal 
for further processing. If information is sufficient, control 
is given to operator Phe 


If the data are not sufficient, they are directed to the memory 
unit for addition with the information which entered earlier, 
there to be stored until the necessary minimum is accumulated 
information or so long as the data does not become obsolete. 


Logic operator Py identifies the target, i.e., determines 
whether a given message is information about a target which 
interests us, and depending on the decision transmits the signal 
for further processing or rejects it. 


Arithmetic operator Ac converts the coordinates from the vadar 
coordinate system, from another source of information, into a 
single coordinate system accepted by the control post and control 
1s given to operator Pe 


Logic operator P¢ additionally checks the target characteris- 
tics connected with its identification, if it does not have 
sufficiently clear tags on its nationality. For this, it gives 
control to operator Ag (target course calculation) and further 
to operator Pg: 


Logic operator Po in turn compares the characteristics of 
the checked target with the flight characteristics of its own 
aircraft, which have flight planes which are in the memory unit 
of the computer. 


If tre characteristics (course, speed, altitude, time of 
flight, number of aircraft in the group, etc.) coincide, control 
is given to operator Ay» with whose help the tag "ours" is 
allocated to the targets, after which control is given to 
operator Paie 
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If the target charactertatics do not coincide with the 
corresponding characteristics of the targets, the data on which 
are contained in the flight plane, control is given to operator 
Ajo» by which the targets are allocated the "foreign" tag. Thus, 
operator P), receives the message on the target after deciding 
the question of who it belongs to. 3 


Logic operator P,, compares the data contained in the deve- ; | 
loped message with the data that entered the control post 
eariier in order to establish whether data on this target was = 
‘available or whether this message entered first. 
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If the target data had already entered earlier, control is 
given to operator Ajo» which accumulates data on the target in the 
memory unit, in the cell corresponding to the previously 
allocated target number. 


From operators Ay3 and Ajo control is given to operator Aly» 
which converts the digital message into graphic form, and then 
with the help of operator Aas this message is issued to the 
graphic display unit. i 


In parallel with the work of operators Avy and As» control 
is given to operator Aig» which issues the message to the 
printer and into the appropriate memory cell for storage. 


In other automated control systems of the air defense 
forces, the algorithms for secondary data processing can be oe 
different, but tne common form of the algorithms for computer 


operation in gathering and processing information will be 
maintained. 


The operator form of writing the algorithm for secondary 
processing can be presented in the form 
ry. i 
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CHAPTER 6 
TERTIARY DATA PROCESSING 


6.1. Definition and Makeup of 
Tertiary Processing 
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Besides the examined problems in the processing of the radar 
information of a single radar station, systems for controlling 
the combat operations of the air defense system solve an 
additional problem which is connected with combining the target 
information obtained from several radars and with creating an 
overall picture of the air situation. 
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Processing radar information that comes in from several 
radar stations is called tertiary data processing (TDP). 


in connection with the fact that visual radar ranges 
frequently overlap, the information about the same target can 
enter simultaneously from several stations. Ideally, such target 
blips should be superimposed one on the other. However, in 
practice coincidences are not observed because of systematic 
and random errors in the measurement of target coordinates 
because of the different time of location, or because of errors 
which appear upon consideration of the parallel between the 
radar stand points and the tertiary processing point. 
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~~ “me chief problem in tertiary proceasing 1s resolving the 


“question of how many targets are actually doeated in a controlled 


zone. To solve this problem it is necessary: to assemble 


_ reports incoming from the radar stations; to reduce the blips 


of target positicn to a single system of coordinates and to a 

single reading time; to establish the nationality of the blips 
to the targets; and to average the coordinates of several blips i 
of target position to cbtain one blip #ith more exact coordinates. 


Frequently, especially in a complex sir situation where there 
is a large number uf targets in the air, the need additionally 
arises for the execution of one additional function included in 
the make-up of tertiary processing - the consolidation of 
information. 


To solve these problems all components of the target blips 
are used: their coordinates, movement parameters, time of 
location, nationality, number of targets, number of radar 
stations which issued that or other radar information. 


Tertiary processing equipment is comparatively simply 
realized by special computers which have all of the executed 
operations fully automated. However, sometimes to simplify 
automatic equipment, certain TDP operations can be performed 
by commands and with the participation of a human operator. 

In particular, to such operations can refer the identification 
and the averaging of blips, as well as the consolidation of 
information. 


Tertiary processing is the concluding stage in obtaining 
information on the air situation. 


6.2. Assembling Reports Incoming from 
Radar Stations 
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. A report on targets is acceptably called information which 
-- -contains information on the location of the targets, on their 
_  haracteristics, etc., which is issued from radar stations 
“! “through communication channels for its further processing and 
use. 


é : fhe problem of assembling reports consists of receiving the 
é _ greatest possible information with minimum losses. 


To evaluate the capabilities of the equipment for report 
assembly, the queueing theory is used. The equipment for 
report assembiy should consider the quenueing system. 


The fundamental characteristic of such a system is the 
relative throughput 


iene! (6.1) 


where Qo6p is the average number of processed reports; Choe 
is the average number of incoming reports. 


The reports are usually transmitted in code. Thus, during the 
transmission of a report in binary-decimal code, every report 
consists of several digit groups (Table 6.1) to which a specific 
semantic value is allocated. Digit group is called a "word." 


Table 6.1. 


Target 
numter 
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The composition of the report includes the service tags, 
which determine the begirming and the end of each report. The 
number of digits (or bits) necessary to form a report is called 
the length L of the report. 


If transmission time tno of one digit is known, then the 
minimum transmission time of one report is 


T, wltey (6.2) 


Between reports there can be pauses with average duration Th 
In some data transmission systems these pauses are constant, 
while in others they can be random. For such systems the 
average rate of report transmission is 


6 reports 
Venere nin (6-3) 
Reports incoming through several channels to th>2 tertiary data 


processing point form at its input a flow of reports, whose 
density is 


dead, TSPOTES (6.4) 


where n - the number of data transmission channels. 


The flow of reports in a system of several radar stations 
is unsteady, i.e., its density varies with time. Every report 
incoming from the input flow should be pre-processed (deciphered, 
corrected and recorded in the memory unit of the tertiary 
processing computer). The performance of these operations requires 
unkriown time Ua during which the computer is engaged. 


Let, at the moment the next report enters, the computer be 
engaged in processing the previous report. The incoming report 
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can either leave system unprocessed or wait its turn for processing 
while the computer is not free or await processing for a certain, 


strictly limited time (for example, prior to the admission of 


the follcwing report). In accordance with this, all queueing 
systems are broken down into three forms. 


If report immediately vacates the system unprocessed, then 
such a system is called a failure system. If the report waits 
for an unlimited time to be processed, then such a system is 
called a waiting system. In this case the total set of reports 
waiting to be processed is called a queue. 


If the time of retention in the queue is limited, then the 
system will be of the mixed type (with limited waiting). In 
such a system, if during waiting time Cou the report has not 
been taken for processing, it receives "failure" and is lost. 


It is evident that queueing systems with waiting are unsuit- 
ahle for use to assemble the reports at the tertiary processing 
point, since with a large density of input flow the reports, 
which stood in queue a sufficiently long time and therefore 
lost their value for the recipient, will oniy delay the processing 
of later reports. It more advantageous in such a case to use 
the mixed type of queueing systems with a waiting time selected 
from the condition of the best processing of reports. 


One should, however, bear in mind that when the waiting 
time is considerably less than the machine engagement time, the 
report assembly system with waiting must be considered as a 
failure system. An approximate block-diagram of a report 
assembly system with waiting is shown in Fig. 6.1. 
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Fig. 6.1. Block~diagram of a report assembly 
system with waiting. 


The Poisson report flux is most frequently taken as the 
input flvx. The Poisson distribution of report flux in the 
queueing theory is similar to the normal distribution in the 
probability theory. The reasons lying as the basis of these 
phenomena have a similar nature. 


As is known, the normal probability distribution law appears 
when a large number of errors approximately identical in 
magnitude (errors which occur for different reasons‘ adds up. 


It has also been proven that when a large number of report 
flows approximately identical in density accumulates, a flow 


possessing the properties of the Poisson (simplest) flux is 
obtained. 


The mathematically simplest flux can be described in different 
ways. The most convenient is the following definition. 


The simplest flow 7s that flow of reports, where intervals 


t between any two succej;sive revorts are independent random 
quantities with a distribution function 
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wy =t—o” (6.5) 


It follows from this definition that probability ry of the 
appearance of a report in interval (t, t + At) under the condition 
that in interval (0, t) there were no reporte equaling 


ancien e Bs a (6.6) 
@ 


From the last expression it is apparent that the probability 
of the appearai.ce of reports does not depend on time t which 
passed after the admission of the previous request, but is 
determined by interval length At and by density A of the report 


flow. 


The prodability of a report not appearing in interval At 
under the same condition equal 


Py l—P, ms 11S, (6.7) 
The average time between two successive reports is 
o : “uy 1 
lp = |W) =e dt a, (6.8) 
of 3 


Consequently, the average number of reports which entered 
per unit of time is 1/t on = 4, which also made it possible to 
name A the flux density of the reports. Thi: quantity charac- 
terizes the report admission rate. 


For the characteristics of the throughput of failure systems 
quantity q (relative throughput) is introduced. For these 
systems q is determined 


1 
I“Falet’ (6,9) 
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Formula is valid for a case where the flux can be considered 
stationary and the reports enter randomly (the simplest flux), 
independent of one another. 


6.3. Reduction of Target Location 
Blips to a Single System of 
Coordinates 


When target coordinates are measured re:ative to the stand 
points the radar stations, the need arises to convert them to a 


single system of coordinates (usually to the coordinate system 
of the TDP point). 


Geodetic, polar or rectangular coordinate systems can be 
accepted as the single coordinate systen. 


The most exact system is the geodetic, since in it the factor 
of the 2arth's curvature is fully considered. However, the 
calculations in this case are complex, and it is therefore used 
only when the radar stations are located at great distances 
from one another and from the tertiary processing point. 


When these distances are small, it is advantageous to use 
the polar or the rectangular coordinate system with altitude 
correction. The calculations in these systems are rather simple, 
and errors resulting from the replacement of a sphere by a plane 


are fully acceptable for solving the whole series of nractica: 
problems. 


In connection with the fact thac the radar stations usually 
determine the coordinates in the polar system, then to convert 
them to a single rectangular coordinate system with the center 
at the processing point, the following algorithm is used: 

Xam A,cosesin (a+ 3) +43 
Eee e re ae (6.153 
H= 4, sine + oR 
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where X, Y, Harethe target coordinates datum in the cingle 
rectangular coordinate system; x*, y* are the coordina .es of the 
standpoint of the radar stations relative to the dat= processing 
point ; A,» B, € are the target ccordinates in the polar coordinate 
system, which are determined by the radar stations; R, is the 
equivalent radius of the earth; and a is the convergent angle 

on the latitude of the processing point. 


The given conversion is explained by Fig. 6.2 
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Fig. 6.2. For clarification of the conversion 
of the target blip coordinates from the polar 
system to a single rectangular coordinate 
system. 


In automated control systems it is possible to transmit the 
target location coordinates from the radar to the tertiary 
processing point in the rectangular coordinate system. The 
rectangular coordinate system is also used at the processing 
point. 


3 


Consequertly, the problem is reduced to the conversion of the 
rectangular coorcinates of targets relative to the standpoints 
of the radar stations into rectangular coordinates relative. to 
the tertiary processing point. Let us clarify the solution of 
this problem by the following example. 
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and radar - at point 0) (Fig. 6.3). Radar determines the 
rectangular coordinates Xy and Ys of a target located at point 

WU and it transmits these coordinates to the TDP point, where 

the coor<“nates are converted into rectangular coordinates 
relative to the TDP point (point 0). For simplicity we wili 
consider that axes X and X', as well as axes Y and Y' are 
identically oriented (i.e., points 0 and 0, are located compara- 
tively close to one another and the convergent angle at them : 
is identical). | 


i 
i 
The tertiary data processing point is located at point 0, : 
| 
| 
| 
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Fig. 6.3. Parallax consideration. 


x 
| 0 Xp a 
The conversion is performed (Fig. 6.3) using the formulas: 
54 Kg = X; 


The altitude difference of the radar and the TDP point is 
Hpac Aro = AF (6.12) 


the flight altitude of the target is 





Hol, + 4H. (6.13) 
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After parallax consideration it is necessary to extrapolate 
the coordinates, i.e., to consider the dead time of the data 
resulting from the removal of the coordinates in the radar, 
their transmission over the communication channels and the time 
spent on parallax consideration. . 


The following formulas are used to extrapolate: 


a eXpeixrw Xs Vie 
yom tly a ¥ + VAL (6.14) 


where v. and Vy are components of the target speed vector 
(usually transmitted from radar); At is the time from the 
beginning of extrapolation to the moment the equations are 
solved; and x, and y, are the extrapolated target coordinates. 

Ni -« we will complicate the problem somewhat. Let us assume 
that from the TDP point the target coordinates proceed to the 
consumer in the polar system (Pig. 6.4). 


Let us examine the solution of this problem only in a 
horizontal plane; we will convert by the successive approximations 
method. 


From Fig. 6.4 it follows that: 


x cos f—ysin B sx 0, 
ductiy ont (6.15) 


Here, the unknowns are the values of horizuntal range 4d 
and azimuth 6, but the knowns are x and y. 


The solution to the two-equaticn system with two unknowns 


by the successive approximations method is reduced to the 
following: 
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Fig. 6.4. Conversion of the 
rectangular coordinate system 
into a polar coordinate system. 





- using known values x and y and unknown random value By we 
find first approximation 34 (i.e., instead of Bucy We substitute 
into formula (6.15) random value By). We will obtain 


= cos Pp—ysin i, = by 
Seite (6.16) 


where 85 and do - linear errors in determining the azimuth and 
horizontal range on account of the erroneously selected Bos 


- we find the angle error (the mismatch error): 


8,° x vos fy — ysin . 
SB = “Gy = “esin fy Fy 605 By (6.17) 


- we add the mismatch error 48, to By and we will obtain 
Bs = By + 46. (6.18) 
Value By is closer to PuasS than Bo: This value is used as 
the initial quantity for the second approximation and so forth 
until A&B equals zero (with a machine solution the approximations 


continue until AB becomes less than the low-order bit (A8 .) 
of the azimuth code being processed in the computer). 
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The trigonome-ric functions utilized in the equations can 
be computed by the MacLaurin series-expansion: 


24 
ans +f ~9[1-v(3-£)]- 
. 1 #)7. 
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e 1 F 
-1-¥(3-%)- 
On tke strength of what has been said, it 1s possible to 
clearly represent the algorithm for converting the coordinates 
from the rectangular system to the polar system for a machine 


solution of the problem by the successive approximations method. 
The simplified block-diagram of this algorithm is presented in 


(6.19) 
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Fig. 6.5. 
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Fig. 6.5. Simplified block-diagram of the algorithm 
for converting the coordinates from the rectangular 
system to the polar system for a machine solution. 
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6.4. Reduction of the Target 
Location Coordinates to a Single 
Reference Time 


The blips obtained at the TDP point from diffe:ent radar 
stations and having different time Jocations are reduced to a 
single reference time. The single time is necessary in order 
to determine the position of thr processed clips by condition at 
any one point in time. This op:ration considerably facilitates 
blip identification. 


_ The coordinates of the identified blips are reduced to a 
single point in time by means of determining for every ccordinate 
the extrapolation time relative to the assigned moment of compari- 
son. By taking into account the comparatively high rate of 
information restoration, it is advantaceous during extrapolation 
to take the hypothesis of the uniform rectilinear change in 
coordinates. 


As an example let us examine a case where two blips M and N 
with time of location ty and ty (Fig. 6.6) have entered for 
processing. In order to check the nationality of the blips for 
one target, it is necessary to compute their position by condi- 
tion for the same time. If the resuits -f the computations 
prove to be sufficiently close, then it iv very likely that they 
belong to one target. 


The blips are reduced to a single -ire in the following manner. 


Time t, for which it is necessary to reduce the blips, 
is assigned. The time difference for every i-th blip is found: 


St, =st—t, (6.20) 
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‘Fig. 6.6 Explanation of the essence 
of reducing blips to a single refer- 
ence time. 


Then, the blips for périod At, are extrapolated, calculating 
route segments AS, for which it is necessary to move every blip : 
over its route: 4 


AS, = V,At,, (6.21) 


if At, is negative, then the blip moves in the direction 
opposite the target movement. 


For the example in question time t = tu has been selected 
as the single reference time. Let us assume that blip N has a 
later time of location, i.e., tu < tye Difference At in this 
case is negative, and blip N is displaced in a direction opposite 
the target movement for quantity AS = Vy At. As a result the 
relative position of the blips by condition for time t = t 
is obtained. 
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After being reduced to a single reference time and to a single 
coordinate system, blip identification begins. 


6.5. Identification of the Blips 
of Target Location 
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All of the radar stations, regardless of each other's 
information, process autonomously (in their own visibility ranges) s 
and transmit the obtained data in the form of reports to the 
TDP point. ; 





B°esure of overlapping radar visibility ranges, in the 
composition of the reports there can be duplicate reports obtained 
from several radar stations on the same target. 


In the identification process a solution is made which 
establishes: how many targets there actually are, if the 
reports about them come in from several radar stations, and 
how the incoming reports on the targets are distributed. 
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Usually the target location blips are identified into two 

i Stages: comparing the target blips - rough identification; and 
target blip distribution, which makes it possible by the 
roughly identified blips to make a more precise decision on 
identification. 


Let us examine these stages in more detail. 


The basis of the comparison stage is the assumption that 
reports on the same target should have identical components: 
coordinates, parameters, nationality, etc. By virtue of this, the 
decision on the nationality of the target location blips is made 

on the tasis of comparing the components. If in this case all 


of the components coincide, it means the blips are identical, 


i.e., they belong to the same target. However, in actuality due 
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ty errors in measuring the coordinates and converting them theve 
will be nc full agreement of blips, in spite of the fact that 
they were obtained from the same target. As a result the 
uncertainty expressed by the two competing hypotheses arises. 


1. Hypothesis H, proposes that the “isegreement occurred 
on account of errors in the measvrement~ 2:7 zonversions, 
although they are from the same targe.. 


2. Hypothesis Hy proposes that the dis2greement occurred 
because the blips are from different targets. 


The decision to choose one or the other hypothesis is made 
on the basis of evaluating the magnitude of the disagreement. 
For this the differences in all the components comprise: 

Xyj— Fa = AN 
Mya Fa! eee 
Yas Yoem a : (6.22) 


where i and r are numbers of radar stations from which the target 
location blips came; j ani z are numbers of these blips; and Ax, 
Ay, AH, AV» and AV, ee. are obtained deviations at each of 


the coordinates. 


Then, the permissible deviation of marks with respect to 
all components is establishea: 


Spon { AX non AY son SH yoas +++) (6.23) 


The limits of permissible deviations are determined by the 
accuracy characteristics of the coordinates from different 
sources, by the errors in linear extrapolation and by deviations 
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resulting from a possible target maneuver. 


The decision on target blip tdentification is made using 
the following logic. If only one of the obtained deviations 
exceeds the permissible value, the blips are consid2red to be 
from different targets. Otherwise they are considered identical. 


The selection of the magnitudes of permissible deviations 
is a contradictory problem. With increased limits of permissible 
deviations in the blip coordinates, probability of the fact that 
the blips from the same target vill be identified correctly 
increases, but at the same time the probability of their erroneous 
identification increases, if they are from different targets. 
Using known optimization methods, it is possible to determine 
the most advantageous magnitudes of the permissible deviations. 


quantity bon is calculated by the formula 
Bye KV 8s + Se, (6.24) 


where K is the coefficient selected in accordance with the required 
probability of correct identification; when K = 3 the probability 
is close to 1; and Cas and O4, are the root-mean-square errors 

in the measurement and conversion of the blip components. 


In practice the required area of permissible deviations is 
usually obtained so high tnat even without considering target 
maneuver, it exceeds the resolving powers of the existing radars. 
Because of this, the group of identified blips, ootained in the 
comparison stage, can contain in its composition blips from 
different targets, which are close to each other. Because of 


this it is impossible to limit ourselves only to the comparison 
stage; it is necessary to perform supplemental logic processing 
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in order to form smaller groups of identified blips belonging 
to a specific target. Supplemental logic processing is performed 
in the following stage - distribution stage. 


In the distribution stage, to group the blips for individual 
target tags are used for their accessory to the information | 
: sources and target numbering in the system of these sources 
(radar). . 


The rules for the logical grouping of blips in accordance 
with the accessory of target reports to the information sources 
are formulated in the following manner. 


1. if in the area of permissible deviations blips. from the 
same radar station are obtained, then the number of targets is 
equal to the number of blips, since one station at the same 
moment of time cannot output several different blips from 
one target. Moreover it is assumed that in the group of blips ] 
being identified there are no blips from the same target, which 
were obtained from the same radar station in two consecutive 
scanning periods (period TO6 of combining the blips is less than 
the scanning period of any of the radar stations linked with the 
tertiary processing point). 





2. If in the area of permissible deviations from each radar 
station one blip is received, then it is considered that these 
blips belong to the same target. This is correct on the grounds 
that with the presence of a blip of the second target, only 
one radar station would issue the data on the two targets. 
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3. If an equal number of blips is received from each radar 
station, then, obviously, number of targets is equal to the 


number of blips received from one radar station, since it is 
highly improbable that within the limits of a small area the 
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radar station “would see" only its targets and "would not see" 
the target which the neighb»ring radar station observes. 


4, IY a different quantity of blips came in from several 
sources, it is assumed that the ‘ource from which the greatest 
quantity of Slips is received gives the most probable situation. 
In this case the total number of targets is determined by the — 5 
number of blips taken from this source. 


Thus, processing the reports in the group cunsists of 
grouping tie blips from several sources for one target. ‘this 
problem is solved comparativeiy simply with the use cf the first 
and second rules of blip grouping and considerebly more difficult 
with the use of the third and fourth rules. 


Figure 6.7 shows the enumerated versions of distributing 
the blips to the sources of information and the results of 
using the examined rules for grouping them are denoted. 


Figure 6.7a shows four blips received from one source 
(1 = 1; J = 1, 2, 3, 4). According to the first rule all these 
blips belong to different targets and-will therefore not be 
subject to consolidation. 


Figure 6.7b depicts three blips which belong th three dif- 
ferent sources (i = 1, 2, 3; j = 1). According to the second rule 
of grouping, all these blips belong to one targec. Subsequently, 
they should be converted into one consolidated blip. 


Figure 6.7¢c shows four blips from two sources, two marks 
from each source (i #= 1, 23; j = 1, 2). 
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Fig. 6.7. Methods of group blips: 
a- four targe%s; b - one target; 
c, ad - two targets. 

Designation: PAC = Radar station. 


According to tne hypothesis of the third rule we have two 
targets, to each of which belongs cne report from each source. 
It is necessary to detezmine which pairs of blips belong to each 
target. The target blips can be distributed in three versions 
(Fig. 6.8). Version III of distribution becomes superfluous in 
accordance with the rule a grouping logic (reports Ju and Ji> 
are the reports of one source, but Joq and Joo - the reports of 
a second source). 


As for the other versions, two combinations of blip grouping 
are possible here: 


Jai and Joq - reports on the first target; 
Jio and Joo - reports on the second target; 
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£41 and Joo - reports on the first target; 
aT Joy and Jiao - reports on the second target. 


The most likely version is chosen as a result cf comparing 
the sums of the distances between blips by using the following 
algorithas: 
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Coma 
aot neers (6.25) 


That combinaticn for which the sum of the squares of the 
4istances is minimal is accepted. 


Figure 6.7d shows three blips, whereupon two of them are 
received from the radar station with the number i = 2, and one - 
from the radar station with the number i = 1. 





i Versions 1} Versions 


Fig. (.8. Versions of distributing 
the target blips. 
Designation: Uenb = Target 


The decision on the presence of two targets Is made in accor- 
dance with the fourth rule of grouping. The possible versions 


of grouping blips Jip Joys and Joo fer their associated target 
are encircled in Fig. 6.7d by continuous and broken lines. 
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The selection of a version is made by the same procedure as 
in the previous case. 

The given rules of comparing and distributing the blips are 
unique and, depending on the required accuracy in processing, 
can be complicated or are simplified. 


After the blips are identified, the target information is ; i 
expressed by the group of blips received from several radar 
stations. To form one blip with moxs exact coordinates, the 
coordinates and parameters of the trajectory are averaged. 


6.6. Averaging Target Location Blips 


As a result of the identification, the target informavion 
represents a group of blips received from several radar stations 
and generally having different accuracy characteristics. For 
the formation from this group of one (consolidated) blip, the 
operation of averaging is performed. 


The simplest methcd of averaging consists of the fact that 
the arithmetic mean of the coordinates is calculated using the 
following algorithm: 


3» (6.26) 


where m - number of blips in the group. 
Similar formulas are used to average the remaining parameters 


of the targets trajectories (altitude, speed, course angle, etc.). 
This method is rather simple to realize on 4 computer, but it 
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does not consider the accuracy characteristics of the radar. 
The averaging of the target blips received from different radar 
stations, with consideration for the weight coefficient of the 
blips, is more correct. In this vase this algorithm is used: 


aes (6.27) 


where quantity 5,» which is inversely proportional to the dis- 
persion of errors in measuring the blip coordinates, is taken 
as the weight coefficient 


Ra 
Sg « (6.28) 


Finally, it is possible to take the coordinates of a »diip 
received from one radar station as being averaged, if data is 
available that this radar station issues accurate information. 

Tn such a casc, the weight coefficient coual to unity corresponds 
to this source. 


Besides averaging the target coordinates even the character- 
istics of the targets should also be generalized during the 
consolidation of information. 


transmitted as a rule, to the tertiary processing point. During 
the generalization of the state accessory characteristics, 

the machine solution is output only when correlatis:: of the input 
data makes it possible to obtain reliable genesalizec char- 


In the make-up of every report, its state accessory is 
| acteristics. 
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‘If the input data are questionable (the target character- 
istics cbtained from the individual radar stations, differ 
from one another), the final decision of the state accessory of 
the target is made by the operator. 
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After averaging the target blips, the obtained averaged 
. ccordinates are tied in to the consolidated tra‘ectories of 
the targets, and the new averaged coordinates’ are allocated, the 
number of that consolidated trajectory, to which they belong. 
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CHAPTER 7 


BASIC INFORMATION ON THE THEORY 
OF MESSAGE TRANSMISSION IN A 
COMMUNICATION CHANNEL 


7.1. Basic Problems of the 


‘Theory of Message Transmission 


The basic problem of any communication system is the 
effective transmission of messages from one object (or corres- 
pondent) to another. The effectiveness of transmission is 
understood in the sense that during the preset time through the 
communication system as much reliable information as possitle 
should be transmitted. This problem can be solved with the help 
of systems diverse in the opereting principle and design. 
However, as a generalized model of the single-channel automated 
communication system with the use of the computer it is possible 
to use the block diagram given in Fig. 7.1. The diagram makes 
it possible to indicate the general standard functions fulfilled 
by separate elements to establish their optimum nature. 


The system of radio communication (Fig.7.2) is a speciai 
case of the presented diagram in which is understood by the 


message scurce is any object or operator producing the messages. 


Messages can be dividea *y form into three groups: 
digital, continuous and mixed. 
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‘Fig. 7.1. Diagram of a single-channel 
automated communication system. 
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Fig. 7.2. Block diagram of radio com- 
munication. 


Digital messages consist of sequences composed of a finite 
number of elementary characters. The complete set cf elementary 
characters from which there is composed difrerent messages is 
called an alphabet. 


A typical example of the transmission of digital messages 
is telegraphy. Here elementary characters are pulses of two 
or several forms. In telemetry during the transmission of 
results of measurements, in the alphabet digital values of 
the signal (digits) can be used. In the decimal system of 
notation the alphabet contains ten digits (0.1, 2, ..., 9) 
and in the binary system - two digits (0 and 1). 


199 


eccrine Ace 


ee wena aie gpannee 













Continuous messages can be changed with time, taking many 
values. Examples can be radiotelephony and television and 
also telemetry (when it is necessary to obtain results of 
measurements at any moment of time). 


Continuous messages with a certain error can be converted into 
digital, for example, by means of quantization. A characteristic 
example is the transmission of a continuous function of time 
(specifically, speech): by means of pulse-ccde modulation. 
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The mixed messages consist of various combinations of 
digital and continuous messages. 


The application of first coding equipment (the message 
coder is the representation of messages in a certain standard 
form, for example, in the form of a sequence of characters of 
the alphabet containing a finite number of elements. The coded 
messages at the exit of the coder can be presented in the form 
of a sequence of binary digits. The requirement that such a 
conversion be economical is logical, 1i.e., for each piece of 
information on the average as less binary digits as possible 
was used. 


The second coding equipment (signal coder) serves for the 
conversion of the coded message into a signal being transmitted 
along the communication line. 
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During transmission various kinds of signal distortion 
are possible. The most characteristic distortions in radio 
communication are caused by the presence of disturbances, the 
emission of the signal through an inhomogeneous atmosphere and 
4onogephere (fadings) and the arrival of signals at the receiving 
point along several paths with a different time lag (multi- 
wave nature). 
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Due to distortions the signs] at the output of tne communi- 
cation line can be lost, and, therefore, in that case the 
probability of the transmission of a useful signal is indicated. 
The problem of the signal coder consists in the fact that in 
order to convert the coded messages into a signal in such a way 
that the errors in the determination of the correct message at 
the output of the communication line woul:i be minimum. 


The first decoder (signal decoder) is intended for determining 
the coded message by the signal taken from the output of the 
communication line. In the ideal case the message at the 
output of the signal decoder should be identical to the coded 
message at the input of the signal coder. If we consider this 
condition to be fulfilled, then the function of the second 
decoder (message decoder) consists in the recovery of the 
necessary message in its coded standard form. 


The form of the message at the output of the second dezoder 
does not: have to coincide in form. with the initial message of 
the source. 


From the aforesaid it follows that the coding equipment is 
intended for the conversion of the message into a signal capable 
of being transmitted with minimum distortions through the 
communication line, and decoders convert the signal from the 
output of the communication line into the appropriate message 
which makes it possible to receive the correct solution. 


In connecticn with the ordinary systems of radio communi- 
cation (Fig. 7.2), the functions of two coding devices is fulfilled 
by the transmitter and functions of two decoders - by the 
receiver. 


However, in the described block diagram (Fig. 7.1) two 
coders and two decoders are specially distinguished in order 
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to emphasize more clearly the distinction between the two 
operations of coding and decoding. The advisability of such 
distribution can be justified by the tendency of the wide use 
of elements of computer technology in the contemporary systems 
of information transmission. 


For a comparison of the communication systems with each other 
according tc their effectiveness, it is necessary to introduce 
a certain measure which makes it possible to estimate quantita- 
tively both the volume of the transmitted data (information) 
and the ability of the communication system to transmit these 
data correctly. In information theory such a unive.'sal quanti- 
tative characteristic, which does not depend cn the specific 
physical nature of the messages, is determined by the information 
contained in one character relative to the other. 


The value of the introduction of the concept of information 
1s determined by two fundamental theorems of the theory of the 
transmission of messages [22]. The first concerns operations being 
fulfilled by the message coder and proves that the number of 
binary digits necessary on the average for the unique represen- 
tation of the report is equal to the average quantity of 
information contained in the message. 


The second theorem determines the reliability of the 
operations being fulfilled by the coder and decoder of the 
signal. It is proved that under specific conditions it is 
possible to code and decode signals in such a way that the prob- 
ability of the erroneous reception of the transmitted message 
will be randomly small. 


In the theory of the transmission of messages the digital 


and continuous communication systems ere examined separately. 
In the digital communication system both the realization of 
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the message and realization of the signal are sequences of 
characters of the alphabet containing a finite number of the 
latter. In the continuous communication systems realizations 
of the messages and signal are examined as some continuous 
time functions. 


In this charter the basic positions of the theory of the 
transmission of messages only for digital communication systems 
will be examined. . 


7.2. Concept of Information 


The concept "information" in its earliest use meu:t knowledge 
by man of those or different phenomena of nature and society, 
i.e., it was connected with the feature of the human brain to 
reflect regularities of the environment. In this senge the word 
"Information" does not lose its ‘mportance at the present time. 


However, with the development of cyhernetics - the science 
of control of complex single-minded dynamic systems - this 
concept obtained further developmert. 


The concept of information in cybernetics, which widely uses 
the theory and technique of the transmission of messages, in a 
known sense is similar to the concept of repulsion in dialectric 
materialism. 


Usually, in speaking about information, we have in mind only 
some properties of matter considerably important for this control 
process. These properties can be obtained by man, by a living 
organism and one or another technical equipment. 


Thus, information can be considered as definite properties 


of matter being received by the controlling system both rrom 
the surrounding external material world and from processes 
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occurring in the system itself. Information is necessary to 
provide for control, and therefore the concepts of information 
and control are correlative. 


In the theory of the transmission of messages, by information 
we understand as the information about results of any event which 
should occur cr already occurred, but its result is not pre- 
viously known. The information which proceeds from the 1i::forma- 


tion. source is included in speech, in the reading of a meter, 


in telephone, telegraphic and radio communications, in facsimile 
telegraphy, television and radar images, and so on. 


As was already mentioned, the informational processes are 
the principle of the control. Without a knowledge of situation 
and without research on the information or the state one cannot 
proceed to the solution of any problem. Furthermore, for the 
solution of the problem it is necessary to know the rules of ‘%’s 
solution, be it the algebraic equation, the firing rules or the 
maneuvering of forces. 


As a result the processing of information of the state, 
according to the selected rules control instructions are 
produced. The control instructions are naturally also the infor- 
mation (instruction), which along the communication channels 
is transmitted from a control urit (command post, brain of man 
or control system of a computer’ to the object to be controlled 
(troops, aircraft, one or another organ of man or an arithmetic 
unit of a computer). 


As the controllable object carries out an instruction, infor- 
mation about this on the feedback lines enters into the control 
unit. of the system, closing the field of the control processe:. 
As is evident, without information there is no control. 
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The material form of the embodiment of the information is 
called a message. Messages can be represented in the form of 
readings of instruments, states of physical elements, printed 
text, digits, codes, instructions, and so on. 


During the transmission of messages the random nature of 
their content is significant. Actually, if there would be laws 
which allowed the recipient to foresee precisely which message 
will appear at this moment, the transmission of messages would 
not make sense. 


The message intended directly for the transmis ion of 
information cver a distance is called a signal. Electrical, 
electromagnetic, sound, ultrasonic and other signals tave 
obtained wide application. 


7.3. Representation of Messages and 
~ Evaluation of the Quantity of 
Information in Equiprobable States 
of Elements of Messages 


The large class of tre digital messages being transmitted in 
a communication system can be presented in general form, which 
consists of n elements, each of which can be found in one cf m 
different fixed states. We wil’. call such messages digital 
according to the state of the elements. 


Graphically the digital messuge can be presented in the form 
of the diagram depicte’ on Fig. 7.2, where plotted along the 
horizontal axis are elem nts of the message and along the vertical 
axis - the state of these elements. Let us call it the phase 
diagram of elements of messages or simply phase diagram. 


It is important to note that the diagram reflects th: most 
general charac’ cristics of the transmitted report: the quantity 
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of elements, the total number of possible states of each element 


and the state of each element in this message. 
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Fig. 7.3. Phase diagram of elements 
of messages. 


Methods of the realization of messages are very diverse. 
Elements of the messages can be pulses of current (voltage) 
divided according to any criterion of selection: according to 
time when n pulses are transmitted ccisecutively along one 
communication channel; according to frequency when n pulses 
which have different carrier frequencies are transmitted in 
parallel along n frequency channels; and acecrding to the 


position when nm puises are transmitted simultaneously along 
different conductors and so on. 


One of the variable parameters of the pulse can be used 
as a state: amplitude; length; delay from the fixed point in 
time; polarity (for video pulses); and phase or frequency (fer 
high-frequency pulses), and so on. 


} Figure 7.4 gives one message which consists of three 


elements (n = 3), each of which can take one of the six 
states. 
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pulse width; with time-pulse modulation [VIM] (BHM) - by the 
pulse delay with time relative to the fixed moment of time; and 
with pulae-code modulation CKIM]_ eal - by the combinaticn of 
pulsed premises. . 2: 


It is not difficult to visualize the elements of the 


messages whose states differ by modulation with respect to 


frequency, phase..and other parameters. Let us note that some- 
times the message is called a word, elements of the messages -. 
characters, the state of elements of the message - letters, and 


the entire set of their possible states - an alphabet. 


Therefore, the message examined above represented in general 
form, can be treated as a word which consists of n characters 
assigned by an alphabet of m letters. 


Let us determine the quantity of different messages which can 
consist of n elements taking any of m fixed states. Let the 


- message consist of two elements (n = 2), and cach of the elements 


can be located in one of m different states. 


Corresponding to the first state of the first element of the 
message are che states of the second element, to the second 
state of the first elerient of the message there corresponds also 
m states of the second, and so on. A total of m different states 
or the first element and m different states of the second element 
correspond to L # m< different messages. 


If the quantity of elements of the message is equal to 
three (n = 3), then for all the different states there can be 


: 


L® m>, and so on. 


If in a message n elements are contained, then the quantity 
of possible messages 


Lam", 


(7.1) 
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Quantity L can be accepted as the measure of the quantity of 
information. However, the selection of L as the measure of the 
quantity of information 38 connected with a number of disadvan-. 
tages. For example, when L is equal to one, the message will. 
carry zero information. This selection is inconvenient and the 
fact that with the addition of the quantity of information of 
several independent message sources, the condition of additivity, 
4.e., the simple linear addition of the quantity of information 
is not satisfied. 


In fact, let us assume that the first message source is 
characterized by L, different states and the second - by Ly 
different states. 


Then the total number of different states for the two 
message sources is equal to L # LjL,- 


For the 4 different message sources the total number of 
possible states is equal to 


La LL,...L, (7.2) 


The logarithmic measure of the quantity of isformation 
is more convenient when the quantity ef informatizn contained 
in the message is estimated by the logarithm of the number of 
possible states 


4, = log L. (7.3) 


If one state is transmitted, then the quantity of information 
to = 0, which corresponds to the case when the transmission of 
information is absent. Having substituted the value L from 
(7.1) into (7.3), we obtain 


I= log mantogm, — (7.4) 





Withan increase in the number. of n elements of the message 
the quantty of information I, increases proportionally. The 
logarithmic measure. of the quantity of information possesses 
the additivity in relationship. to the number of elements of the 
“message. : | 

Let the quantity of sources of information be equal to x, then 
in accordance with (7.2) the total amount of informaticn being 
given by ail the sources is equal to 


ia==log L = log L, + log l, +... + log 2, (7.5) 


or 
i ; ae heahtht the 


i.e., the total amount of information is equal to the sum of the 
quantities of information given by separate information sources. 
nk 
If Ly = au Ly = mp, seecy L, =m» then in accordance 
with formula (7.5) 


J, == log L == 21 loz m, + A2loz m, +... -+ aklog mt, 


Thus, the logarithmic measure of the quantity of information 
i possesses additivity both in relationship to the quantity of 
elements in each message and in relationship to the sum of 
| different messages. 


Along with the expression for the total amount of information 
(7.4), it 48 convenient to operate by the expreszion for the 
quantity of information which is necessary for one element of 
the messages. 


The quantity of information which is necessary for one 
element, the specific informativeness or the entropy of the 
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In principle it is indifferent with which foundation the 


logarithm is selected. The different units of measure of the 


quantity of information will correspond to different bases of 
the logarithms. ; - 


If the quantity of information is calculated by means of 
logarithms with a base equal to ten, then the quantity of 
information is expressed in decimal units: 


bee logyl = lg L = niga. 


By overating logarithms with base e = 2.718, we obtain the 
quantity of information in natural units: 


fy == log, Lm in £ = ninm. 


If the base of the logarithms is equal to two, then we 
obtain the quantity of information in binary digits or bits: 


Iq = log, L = nlog, m. 


It is usually accepted to select the logarithms base equal 
to two. Jn this case Hy = logom, and the entropy is also 
measured in tits for the element of the message. 


Information in the automated control systems most frequently 
is transmitted by binary (binary) messages, 1.e., by messagec 
of each element of which takes one of two possible messages. 
Each element of such a message in equiprobable states possesses 
ore Dit of information Ty = log,2 = ] bit, and if the message 
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consists of n independent binary sigtals x2: eq. Robarie. a 
states, then such a mezsage contains n bits, i.e., Ig ® w deg e ® 
=n bits. : 








Subsequently., we wiil use bits as the information unit, 
replacing the character logs by the character log. 


7.4. Determination of the Quantity : 
of Information in the Jnequally. 

Probable States of Elements of ; 
the menace - 


Basic pronecties of entropy. Let us examine the messages 
consisting of n elements, each of which is independent and 
can take any of the m states Xy 5 Xo» ea ey Xy» aes xX, with 
probabilities Pi Pos ciate" Pye eieierg Pa respectively. 


Let us assume that for a certain single message the number 
of elements which took states X) is equal to ny» the number of 
elements which took state Xs 48 equal to Nos and so on. Let us 


note that the state Xjn 1 of elements was taken with Bee ae 
n 


ae the state Xony elements was taken with probability Po? Rarete 
n, 

the state Xn elements was taken with probability ee » The 

probability of the fact that the states Xj» Xe» Xos sleierg Xi» 

ssetel's Xn simuitaneously take n)> No» N3» sees Myo cory NL elements, 

according to the theorem of multiplication, is equal to 


P= PPPS... Pa®... Pa. (7.6) 


If the number of elements making up the message is sufficiently 
great, then the probability of the reception ny by elements of 
state X can be expressed in terms of the quotient equal to 
ratio of the number of elements which took this state to the 
total number of elements in the message: 


Py tt, (7.7) 
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° By substituting these expressions into (7.6), we obtain. : 


Poe Pipe, Pee... Pe* | 


or 
= 2 
Pom (1A. (7.8) 


The last formula is obtained on the assumption that the 
number of elements in the transmitted message is sufficiently 
great. Actually, the existing traismitted messages do not always 
satisfy this requirement, and then the relation (7.7), which was 
used for the solution of equation (7.8), can prove to be 
inaccurate. 


However, it is possible to examine not cne separate message 
but a certain set of uniform messages, the total number of 
elements in which 1s sufficiently great. Then it is possible to 
treat the numbers Myo Nos coer Mes sees My and the probabilities 
Py» Pos eee Pye eieres BE. corresponding to them as quantitative 
i characteristics for the set of mé@ssages. In this case the 
probability P being defined by equation (7.8) can be considered 
as the average probability of the transmission of one messege 
from the number of all possible messages of the set: 
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According the average probability P of the transmission cf 
one message it is possible tc compute the average number 1 of all 
possible messages: 
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i By knowing ihe average number L of all possible messages, 

| - it is not difficult to determine the average quantity of infor- 

} mation Ip which is contained in one message: - 


aPC Mra at De ON Dacha ie ta wards didi Vent 


I= log b= — tog IT #2, i 





The obtained expression is easily converted to another form: 
s . ® , 
ym —tog I] Pr’*mm— 0 B Palog Pe 


and finally 
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Having divided the average amount of information which is 
contained in one message by the number of its elements, we find 
the expression for the average entropy H of the messages: 


E Haka — 3 Palo Ps— 3 Paloez,. (7.10) 


Quantity log 1/P,. can be examined as the particular entropy 
which characterizes the informativeness of the k-th staie. At 
small Px the particular entropy is great, and at large a (when 
Py approaches one) the particular entropy tends to zero. From 
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expression (7.10) it is apparent that the value H is the mean 
value of the particular entropies. 


Thus, from expression (7.9) it follows that the quantity of 
information contained in the message depends on the number of 
elements of the message, the number of possible states m and 
probabilities of states P,. The greatest interest 1s in the 
dependence of the quantity of information on m and Phe since 
the dependence of I, on n is linear. Thus in more detail let 
us examine the main properties of entropy - the quantity of 
information which is necessary for one element of the messages. 


First property: entropy is a vaiue which is real, limited 
and nonnegative (H > 0). This property follows from expression 
(7.10), if we consider that probabilities be are nonnegative 
values included in the interval 0< P, < I. 


In spite of the ninus sign, expression -Py log PL is a 
positive number. Actually, since the probability of any result 
o< Py <1, then logarithm P will always be negative number 
(log P < 0). Consequently, the product of two negative numbers 
gives a posicive real number. Graphically the dependence of 
values of function PL log PL on Py is represented on Fig. 7.5. 


Second property: the entropy is minimum and equal ‘o zero 
if the message is known previously (H = Hain = 0). Actually, if 
the message is known, then it can be determined which state 
will take each element of the message. 


Let us assume, for example, it is known previously that 
Py = 0; Ps = 0; P, eke Py O03. 5425 Ee = 0, i.e., it is known 
that a certain element of the message which still is not transmitted 
will take the third state (P, = 1). 
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Fig. 7.5. Dependence of -P, log P, on 
the probability state Py 
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Thus, if during the transmission of messages there is no 
uncertainty, 1i.e., each message is known previously, then the 
entropy is equal to zero. 


Third property: The entropy is maximum tf all states of 
elements of the messages are equiprobable ({H = Heyes 

Let us find the value of the maximum entropy having substi- 
tuted into Pr = lim, 
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Hm Haas = — Si Pt = Mm : 
or 


H = Hye, 2 bog mh. 
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. This, agoxcaslen coincides with that obtained earlier for ee 
equiprobable states of elements of the messages. 


{padith breperty: the entropy of et este messages can change 


- - from zero to one. 


.. The. binary messages are characterized by the presence of only 


_ two ee states (m= 2). For . such messages the entropy 


t= —SraeaPs +— Piva, Aimgh 


: 2 
Les us designate P, = P, then Poe 1l-Py* 1 - P, since Pent. 


Let us substitute the obtained values into the equatior for 
the entropy: 


H = —Piog P—(1 — Py og (1~P). 
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Figure 7.6 graphically 
represents the dependence of 
the entropy of binary messages 
on the probability of one of 
the states of the elements. 
From the graph it is apparent 
that the entropy of the binary 
messages is changed within 
limits of zero to one. = 
The entropy is equal to zero 
4 when the probability of one of 


Fig. 7.6. Dependence of the the states is equal to zero, 
entropy of a binary message 
on the probability of one of i.e., only one state is 

the states of elements of the transmitted. The obtaining of 


messages. only one state gives no irfor- 


mation. 





. The entropy reaches a maxinum equal to one if P = 0.5, 1.@., 
when P, = P = 0.5 and Po = 1-P 0.5. In this case the 
uncertainty of the messages with reception is th greatest. 
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7.5. Coding of the Messeges 





j The wessages with the help of which the information is 

. transmitted are usually constructed in one or another formalized 
language. The different elementary characters from which the 
messages are composed; as hag already been indicated, represent 
the alphabet of the message. Thus, messages in the Russian 
language contain 33 letters of the Russian alphabet, in the Latin 
language - 26 letters of Latin aiphabet, and so on. 


. In many cases it is advantageous to present the initial 
message of the source with the help of another alphabet. For 
this purpose in the diagram of the single-channel automated 
communication system (Fig. 7.1) there is a coder of the 
message whose application consists of the conversion of the 
input message into the sequence of characters of the alphabet 
selected by us. 


The rule which compares each elementary character of the 
message to a certain combination of characters of another 
alphabet is called a code. The operation of the translation of 
the total report from one alphabet into a sequence of characters 
of another alphabet is called the coding of the message. 


| The coder converts the messages presented in the form of a 
certain sequence of characters of one alphabet into the combi- 

. nation of code characters. We will call this combination of 

. characters of code the coded messages or simply code words. 

5 


® 
S 


aN .*' The codes which use two elementary characters (0 and 1) are 
called binary codes; the codes which use three different 
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elementary characters are called ternary codes, and so on. 


At the present time in transmission information systems 
binary codes are widely used, since the coding and decoding 
equipment in this case is the simplest, cheapest and most 
reliable. 


The same elementary message can ve coded by different methods. 
Therefc:'e, the question arises about the most advantageous 
(optimum) methods cf coding. Most advuntageous is such a code 
with which, in the first place, there is retained information 
contained in the message and, in the seasnd place, on the 
transmission of t!:e message the mirimum of: time (o>, which is 
the same thing, the minimum number of elementary code characters 
of assigned length) is spent. The first requirement determines 
the reversibility of the operation of coding and the 3econe - the 
economy of the code. 


Let us explain these requirements in more detail. 


It is evident that with coding, as during any other con- 
version, it is possible to preserve only the information contained 
in the message, but it is not possible to increase it. The 
coded message will preserve the initial information if the 
code words are distinguishable and uniquely connected with the 
appropriate initial messages. 


The method of the coding with which information is not lost 
can be called reversible in the sense that, having used an 
inverse operation (decoding) to the code words, it is possible 
to restore the initial message without the loss of information. 


Let us examine the simplest set of N mutually independent 
elementary messages X, (1 = 1, 2, ..., N), having a priori 
probabilities of transmission P(X,). 
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Let us assume that it is necessary to code each elenentary 
message by means of the sequenc? of characters (code words) 
of the alphabet of the code containing L different characters 
v5 (j = 1, ¢, ..., L), where L < N. When L <N it is not possible 
to represent uniquely each elementary message by one character 
of the alphabet of the code, and therefore it is necessary to 
use several characters. 


Let us note that if the alphabet contains L characters, then 
the number of M different sequences contained on n characters 
is equal to 


Ma L*’, (7.11) 


On the basis of formula (7.11) our set of different elementary — 
messages can be uniquely coded by means of N different code words : 
which contain n characters, where n is the smaliest integer with i 
which satisfied is the condition 


L°SN. (7.12) 


Different values of L and n will correspond to different 
codes. . 


Thus, for instance, for a unique representation of 32 letters 
of the Russian alphabet, as the binary code it is necessary to 
have 2? 2 32 different combinations. In this case all the 
letters can be presented in different code words composed of 
five binary elementary characters (0 and 1). If the elementary 
characters (sending of the current and pause) have an identical 
length, then all the code words will be identical in length. 

Such a code is called uniform. 


The uniform code is the Baudot code used in radio telegraphy. 
In comparison with the nonuniform codes, the uniform codes have 
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some advantages, in particular, they are decoded more simply, and 
in this case the process of decoding can easily be automated. 


We 1llusirate the easiest method of the translation of 
messages (lettere) intc code words in the example of a binary 
code. This method can be reduced to the recording of different 
numoers in the binary system of numeration. Actually, we number 
all the messages according to any criterion (for example, in 
order of a decreas’: in probabilities of the appearance). Then 
instead of N messages lt is possible to examine numbers 0, 1, 2, 


ooeyg H~ 1. Let us reccrd these numbers in the binary system cf 
numeration. 


Any number ~. can be recorded in the binary system of numeration 
in the form of a sum of the degrees of number 2: 


rom By Dt Dy DP oh By 2 + by 


where b b 


k? k~1]? ees by» Dy are digits 0 to NA 


2 0 


For example, 7 = 1-2° + 1:2¢ + 1°2 


= 111, and9 = 1:23 4 
Pe nur laar lpr aera 

Thus, all the messages can be numbered in the binary system 
of numeration, whereupon the number of the message will 
represent the code designation of the corresponding message. 


The obtained binary code is nonuniform (code designations 
are formed from the different number of oinary digits). With 
the decoding of the code words the errors and misunderstandings 
can appear, since in the nonuniform code we cannot understand 
where one code word ends and the other begins. 


Thus, for instance, message No. 4 (100} can be deciphered 
as message Ne. 1 and the two following with a zero number or 





as message No. 2 and one message with a zero number, and sc on. 


“For the elimination of the ambiguity between separate code 
words, introduced is a special separating sign which is equiva- 
lent to the transition to the ternary system of notation) or 
the code is made uniform, having added at the beginning of each 
of the code designations, length of which is less than the af 
maximum length of the encountered code designation, the necessary 
number of identical digits (for example, zeros). After this a 
uniform code is obtained. 


Let us return again to an examination of the reversible 
economical codes. Equation (7.12) makes it possible to assert 
that in principle it is always possible to indicate several codes 
for which the first requirement, reversibility, is fulfilled. 
However, as a rule, these codes will not satisfy the second 
requirement - the economy of the code. 


The requirement for the economy of the code is very important. 
Radio reconnaissance can intercept information during its 
prolonged transmission. The transmission of the obtained infor- 
mation by an uneccnomicai code can lead to a long time delay 
with ii3 delivery to the user, which is sometimes inadmissible. 


The fact that many of the reversible codes will be uneconom- 
ical is proven by the following reasoning. 


Let us assume that the elementary messages are letters of 
the Russian alphabet. Let us designate by P(x,) the probability 
of the frequency of the appearance of the letter X in sufficiently 
long semantic text. For the different letters the probabilities 
of their appearances are different. If these probabilities 
are considered, then, obviously, more economical will be that 


code in which the letters having great probability correspond 





to the shorter code designatiors than do comparatively improbable 
letters. Thus, in general the economical code is nonuniform. 


In order that the nonuniform code be reversibie, it is. 
necessary that no code designation coincides with the initial 
part of any other longer designation. With fulfillment of this 
condition code designations will be different, i.e., and it is 
always possible to indicate where one code word ends and another 
begins. 


For example, if in the binary code the code designation "101," 
is used, then no longer should there be code designations "10" or 
"1910." Otherwise, the beginning of the first code message can 
be understood as the second, the beginning of the third - as 
the first, and so on. 


It is shown [21] that the inequality 
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is the necessary and sufficient condition fer the existence of 
N different code words using an alphabet of L different 
elementary cnaracters, the length cf which is equal to tne 
assigned integers ny» k +1, 2, -.-, Ny, and not one of them is 
an extension of a shorter word. 


In information theory the following fundamental therorem 
about the coding of messages i3 proved: the minimum average 


number of code characters necessary for one character of the 
message can be made as close as desired to H: log L (i.e. to 
ratio of information contained in one character of message to 
the capacity of the alphabet of the code), applying the coding 
not of separate elementary messages but whole “units,” which 
contain a sufficiently large number of elementary messages. 





This theorem correlates 
‘AE qag< Er +4, 


where H is the entropy of characters of the alphabet of the 
Messages; Dep is the average of characters of the code necessary 
for one message; v is the quantity of statistically independent 
characters which enter into one unit; and L is the quantity of 
characters of the alphabet. 


The theorem aefines the maximally possible economy of code, 
estimates how one or another specific sode is similar to the 
most advantageous one, and imparts a physical sense to one of 
the basic concepts of the information theory (entropy of the 
elementary message as to the minimum number of binary characters 
which are necessary on the average for one such message. 


From all that has been previously stated, it follows that the 
codes with maximum entropy, i.e., with the smallest redundancy, 
are whe most economizal from the viewpoint of transmission on 
commuiication lines. Therefore, if it is necessary to evaluate 
the cojie used from the given point of view, it is necessary to 
compar’ the entropy cf this code with the maximally possible 
entropy "or the coded alphabet (the latter will take place with 
equal probability of the emergence of all letters of the alyhabet). 


7.6. Conditional Entropy of 
Statistically Dependent Messages 


In the solution of problems of the transmission of infor- 
mation, we frequently deal with several sources sending dependent 
messages. To evaluate the quantity of information being given 
by the set of such information sources, the conditional entropy 
has great significance. 
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Let us assume that there are two information sources. Fle- 
ments of the first information source take states Kyo Xia sees 
x, With probabilities P(x,), P(x5)5 -+ey P(x), while elements 
of the second information scurce take acatae Vy» Yoo -e0o Vn 
with probabilities P(y)); P(y) Oca Ply). 


The mutual statistical connection between reports X and Y 
ean be characterized by conditional probabilities. Let us 
assume, for example, it is known that the first message took 
the state Kye As a result of the dependence of the messages aay : 
for the assigned state xX, the probabilities of the appearance 3 
cf states Y are determined by the conditional probability 
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The greater the connection between X and Y, the larger the 
difference will be between the largest and smallest values of 
the conditional probabilities. In the particular case when 
the statistical dependence is the greatest, the defined state 
x, corresponds to one state of the set Y, for example Ya and 
then one conaitional probability will take the greatest value 
equal to one CP(y,/x,) = 1], and the rema‘ning conditional 
probabilities will take the smallest value equal to zero. 





Other conditional probabilities of state Y correspond to 
other states X. For this fixed state xy the set of conditional 
probabilities determines the particular conditional entropy 


a 
Ha: (¥/.x,\ =2 — SP Cy,/x,) log P94), (7.13) 
j=! 
which characterizes the informativeness of the messages Y since 
state x, became known. In the strong statistical connection of 
X and Y the particular conditional entropy will be small, and, 
on the contrary, in the weak statistical connection - large. 
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If we average the particular conditional entropy (7.13) over 


all the states x,, taking into account the probability of the 


appearance of each of the states P(x, }5 then we find the general 
conditional entropy of the messages Y relative to messages X. 
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By substituting here the expression for the particular 
conditional entropy (7.13), we obtain 


Hix =— 3S Pea) P(yJx,)04 Ply Jy. (7.18) 


It is known that the probability of the combined appearance 
of the two dependent states Xp and V5 is determined by the 
equality 


Pty Yi) = P(xP(¥Jed (7.15) 
or 
Plan ¥)) =P (y,) Pay). 
Substituting equality (7.15) into (7.14), we obtain 


H(VIN) =— % SP en ¥)) log P(y,/x,). (7.16) 


The basic sense of the average conditional entropy (or simply 
conditional entropy) is the fact that it shows which entropy 
is given by messages Y when the entropy of messages X is already 
known. 


Conditional entropy possesses two main properties. 


First property. If messages X and Y are statistically 
independent, then the conditional entropy of messages Y relative 
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to messages X is equal to the unconditional entropy er messages 
Y, i.e., K(Y/X) = H(Y). x 


In this case the entire information which is contained by 
messages Y is new with respect to the information contained — 
in messages X. 


Second property. If messages x and Y are statistically 
rigidly connected, then the conditional entropy of messages 
Y relati-2 to reports X is equai to zero, 1.e., H(¥/Z} = 0. 


This means that the reports Y contain no new information 
over that which {is contained in messages X. 


7.7. The Transmission cof Discrete 
Messages Along the Communication 
Channels with Noises and Without 
Noises 


If in the discrete communitation channel the alphabets of 
code characters x at the input and y at the output are identical 
and 


\; when 1 = j; 
P(y;/%,) * Jo when 4 # J, 


i1.@., the characters at the output and inlet always coincide, 
then such a channel is called a discrete communication channel 
without noise. It is completely characterized by the base of 
code m and by quantity of characters L being passed on the 
average per unit time. 


The value 


C=Lioq,m (73237) 


4s called the transmitting capacity of the discrete communication 
channel without noise. 
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If the information source has zn entropy H (bits per 
character), and channel possesses transmitting capacity C (bits 
per second), the messages of the suurce zen he coded in such 
a way as to transmit with along the comsunication channel with 
the average speed of C/H - « (characters of the message per 
second), where « > 0 is as small a velue as possible. 


Hence it follows that in order to transmit the messages of 
the source along the communicc‘ion channel without noise at the 
same speed as that which they are created by the source (1.e., 
without the unlimited increase in the quantity of untransmitted 
elements of the message), it is necessary and sufficient that 
the transmitting capacity C of the channel be more than the 
productivity of the source H’. 


Actuaily, let us assume that the information source transmits 
elements of the message independently of previous ones with 
identical probabilities equai to 1/n, then H anos = logon. 

If n #= m, the coding is reduced to the establishment of a 

/3-to-one correspondence of -ach of the elements of the message 
z, to the character of code Xi° In this case it is possible to 
transmit V signs of the message per second along the communication 
channel. 


Thus, if transmitted along the communication channel without 
noise is C informational units, then the maximum speed of the 
transmission of the message 


Vinay nt Son tone ES safermation] (7.18) 


Practically in every communication channel as a result of 
different reasons there occurs noise, or, as it is ealled, noise 
which distorts the useful signals anc disrupts the one-to-one 
correspondence of the sent and received signal. As a result 








it 1s possible to take one signal for another. The more powerful 
the noise, the greater the possibility for the distortion of 
the message. 


If in the communication channel the alphabets of the code 
characters at the input and output are different, i.e., the. 
characters at the output and input do not coincide, then such a 
communication channel is called a communication channel with _ 
noise. 


Let us assume that in the communication channel (Fig. 7.1) 
messag-s with many states X and entropies H(X) are transmitted. 
In the communication channel messages undergo the interaction of 
noises, the entropy cf which is equal to H(N). As a result of 
the interaction of noises the received messages wil have Y states 
the entropy of which is equal to H(Y). The noises destroy the 
information contained in the initial messages, and at a high 
noise level the quantity of received information can be greatly 
decreased. An illustration of this can be the following example. 


Let us assume that transmission will be given to binary 
messages possessing two states Xi: and Xo with probabilities 
P(x, ) and P(x5). Tf P(x, ) = P(x.) = 0.5, then the quantity of 
transmitted information is maximal. 


In the communication channel the noises can have such nature 
that the probabilities of states Vy and Y> at the receiving 
point can greatly differ, for example, P(y,) >> P(¥5)> which 
indicates the grea: distortions and decrease in entropy H(Y). 
Distortions of such nature are observed with transmission along 
the communication line of signals of different polarity and 
noises of one polarity. 


Another form of noises is possible. For example, signals 
can be affected by noise interference with different polarity. 


229 


1 ETI RE 


Fe ge ere NT RTI 


Pa oc en ag Cpa rene weseetaain eo eS et 


In this case it can be that P(y,) = P(y,). 


However, the initial information here will be destroyed as 
a result of the fact that there is no one-to-one correspondence 
between the transmitted state x) and the received state Yy and 
between X5 and Yo: The statistical connection between these 


states will be decreased, and this connection is characterized by 


the conditional probabilities P(y,/x,) and P(y5/x5)3 and increasing 
will be the probabilities of false transitions P(y9/x,) and 
P(y,/x5)> which determine the probabilities of the incorrect 
reception of states of the transmitted messages. 


It is possible to estimate the amount of information received 
by the receiver in the presence of noise in the following manner. 
If the transmitted quantity of information is equal to H(X), 
and the received equal to hiY), then conditions of entropy 
H(X/Y) is that quantity of information which must be added to 
H(Y) in order to find the entropy of the joining of X and Y. 

In other words, H({X/Y) is that quantity of information which 
can give the total value of X when the quantity of information 
given by Y is known. 


Consequently, H(X/Y) can be examined as the quantity of 
information which is lacking for the total value cf entropy 
of the joining with the entropy H(Y) known. Therefore, H(X/Y) 
can be called the loss of information caused by the action of 
noise. 


If the loss of information H(X/Y) is computed from the total 
amount of information H(X), then we find the amount of information 
which is contained in the received set of messages Y with respect 
to the transmitted set of messages X. This amount of information 
is designated I(Y, X) or Iysy or I(Y/X). We take the first 
designation. As follows from that stated above, I(Y, X) = 
= H(X) - H(X/Y). 
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This expression defires the amount of information transmitted 
on the average along the communication channel in conditions 
of the action of noice. Let us examine the two limiting cases 
corresponding to the different effectiveness of the action of 
noise. 


First case. The level of noise ‘n the communication channel 
is insignif2cant or in the noise limit ‘s completely absent. Here 
the messages X and Y statistically are completely dependent, and 
in accordance with Section 7.6 the conditional entropy 
H(X/Y) = 0. 


Consequently, the amount of information is equal to the 
entropy of the transmitted messages: 


VY, = HM. 


Second case. The noise level in the communication channel 
is great. At a very high noise level the messages X and Y 
become statistically independent. Here, as is shown in Section 
7.6, the conditional entropy is equal tw the unconditional: 
H(X/Y) = H(X), and the amount of information I(Y, X) = H(X) - 
- H(X/Y) = 0, i.e., the messages characterized by the Y states 
do not contain any information on X. 


If the transmitted reports characterized by state X and the 
noise with states N are statistically completely independent, then 
the conditional entropy H(Y/X) is the additional entropy which 
is conditioned only by the noise and is equal to H(Y/X) = H(N). 


Therefore, instead of I(Y, X) = H(Y) - H(Y/X) we can write 
I(Y, X) = H(Y) - H(N), i.e., for determining the amount of 
information contained in Y with respect to X, it is necessary 
to calculate the entropy of noise from the total average entropy 
of the received messages H(Y). The indicated auantity of 
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information is measured in-binary units per message. If we 


divide I(Y, X) by time T, then we determine the amount of 
information which is transmitted in the average message Y on 
messages X per unit time. This value is called the rate of 
information transmission along the communication channel with 
noise and is determined by the equality 
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The tendency T + © denotes that for determining the average 
rate of transmission, it 1s necessary to examine the whole set 
of possible messages. 


The greatest value cf the trancmission rate of intrmation is 


called the transmitting capacity of the communication channel 
with noise: 


= ws fj; Imas (Y. 
Cm Res = Wie 7. (7.19) 


In turn the greatest average amount of information contained 
in Y with respect to X, 


Ins Y, X) = AFT 109 (1 + 47), 


where AF ie the transmission band of the communication channel; 
T is the duration of the individual message; P is the average 
value of power of transmitted messages; and N is the the average 
value of power of noise. 


This amount of information can be represented as a vclume in 
space of three measurements (Fig. 7.7). To increase 
Trax (*? X), it is necessary to increase AF, T and P/N. Let us 
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Fig. 7.7. Volume of the maximum 
quantity of information con- 
tained in the received messages 
relative to the transmitted 
messages. 





note that the quantity AFT. log (P/N) i8 sometimes called the 
volume of the signal. It is obvious that the same quantity of 
information can be transmitted by maintaining a constant volume 
of the quantity of information but using different values of 
AF, T and P/N. 


T::e transmission capacity of the communication with noise 
(C,) is determined in accordance with (7.20): 


Ca Ress = Nim “oer O20 AP, tog (1 +2 [pinery untte, 


The equation shows that the greatest rate of information 
transmisssion is directly proportional to the frequency ban and 
the logarithm of the sum (1 + P/N), 1i.e., it is limited by the 
power of the transmitter and nolse. The expression obtained is 
called the Shannon equation and is correct for any communication 
system when rluctuating nojse 1s present. 


By comparing the transmission capacity in the communication 
channel with the noise c and the transmission capacity in the 
communication line without noise C with an identical quantity of 
elementary signals (elements) of the code and equal to the speed 
of transmission of the elementary signals, it is visible that 
Ch <C. 
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Thes, a decrease in the degree of distortion of the transmitted 
messages and an increase in the probability of the reception of a 
undistorted information are very important. 


If there is no need to conduct transmission with high speed, 
then it is sossible to raise the probability of reception of the 
undistorted information by means of its frequent repetition. In : 
this case with an increase in the number of repetitions, the 
probability of the undistorted reception of the message increases. 
On the other hand, the higner the speed of transmission of the 


messages being coded by the same code, the less this probability 
becomes. 


In practice it is very important to conduct reliable trans- 
missions with high speed under conditions of noise. The maximum 
speed of the accurate transmission of information in the communi- 
cation channe).s with noises , 


V.=4, 


where Ne is the speed of the transmission of information in the 
communication channel with noises; Ue is the transmission 
capacity of the communication channel with noises; and H is the 
entropy of the transmitted message. 


Just as in the case of the transmission of messages in the 
absence of noises, for any communication channel with noises it 
is always possible to select the appropriate code of the t~ans- 
mission of messages with close as possible to ee (7.18) and 
with as small a probability of errors as pussible in determining 
the transmitted signals. 


Tf the velocity of transmission (7.19) is exceeded, then 
the probability of distortions will increase, and they cannot 
be compensated for by selection of the code. 
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Thue, if we select the best code, then in spite of the noises, 
it is possible to transmit along the communication channel the 
maximim quantity of information equal to the capacity of the 
chaymel, and in this case the probability of the distortions — 
will be ss small as posxible. It should be noted that in this 
case the transmission time will increase. 


It is considered that the contemporary codes are very distant 
from optimum, but, applying the methods of information theory, 
4t is possible to attain their considerable improvement. 


7.8. Formation of Binary Sigrals 
in the Automated Control Systems 


The communication channels along which birary signals are 
transmitted are called binary communication channeis. 


Binary signals were transmitted earlier, for example, in 
prin:iing telegraphy. However, the transmission of digital 
information, or, as one frequently says, data transmission, 
differs significantly from the transmission of telegraph messages. 
These distinctions are included in different requirements for 
the authenticity and speed of transmission of information. 


If for telegraphy the different oneration is characterized 
by the probability of the incorrect reception of individual 
characters of the order of 3-107, then during the transmission 
of digital information frequently appear the requirements for 
transmission with probabilities of errors in tens and hundreds 
of thousands of times less thar. the indicated value. 


™.2 fact is that telegraphy, just as telephony, deals wit.n 
the transmission of vocal messages. These messages possess great 
internal redundancy, whicn allows the recipient to restore a 
considerable portion of the distortions “according to sense." 





(It 1s known that for the basic European languages the redundancy 


The digital information, if special measures are not provided, 
does not possess a redundancy which allows for the recipient 
to correct distortions. ‘Therefore, even the comparatively few 
errors which appear in the communication channels can completeiy 
distort the content of information being transmitted to a machine 
or the result of its operation. 


The speed of the transmission used in telegraphy also in the 
majority of cases does not satisfy the requirements appearing 
with the transmission of digital information, since the effective 
use of the computer in systems of automatic information processing 
ie connected with the input and output of large volumes of 
information during short time intervals. 


All this led to the appearance and rapid development ©” the 
trend of communications which is occupied oy the development of 
methods and equipment of the transmission of digital information 
satisfying the high requirements of authenticity and speed of 
transmission. 


Binary signals can be classed according “uv forms of the 
utilized modulatiin: 1) signals with avolitude modulation; 2) 
signals with phase modulation; 3) signals with relative phase 
modulation; 4) frequency-modulated signals; and 5) broadband 
Signals which use complex forms of modulation. 


The basic forms of binary signals are depicted on Fig. 7.8. 


Let us examine the basic variants of binary signals and some 
features of their reception. 


2 36 








Fh a oS a eee Ue ies, Sa ea ee ee 





Fig. 7.8. Forms of 
binary signals with 
the different methods 
of modulation. 





Binary signals with amplitude modulation [AM] (AM) can be 
unipolar (diagram 1, Fig. 7.8), ambipolar (diagram 2), or harmonic 


(diagram 3). 


Unipolar and ambipolar signals are used for transmission 
along wire lines of communication and harmonics for transmission 
along telephone lines of communication (with a carrier frequency 
of 12u0-1600 Hz ) and along radio channels (with a carrier 
frequency of the radio transmitting station). 


For the division of signals which correspond to zeros and 
ones at, the output of the receiver inere should be used a 
threshold device which issues a single signal if the voltage 
exceeds the threshold value and gives a zero signal if the 
voltage is less than the threshold. 


Binary signals with phase modulation [FM] (9M). Typical 
are the signals depicted on diagram 4 (Fig. 7.8). The pulses 
which correspond to zero and one differ from one another only 
by the phase of the oscillations. 
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The phase is read cff relative to the phase of the reference 
coherent voltage. If the voltage pulse w. ich corresponds to 
zero has & phase different from the coherent voltage by 180°, then 
the voltage pulse criresponding to one has a phase coinciding with 
the phase of the coherent voltage. At the receiving point there 
occurs the conversion of the oscillations modulated in phase into 
oscillations modulated in amplitude. 


Receive: should fulfill here two basic problems: receive the 
informational signals modulated in phase and form the coherent 
voltage. 


Binary signals with relative phase modulation [OFM] (00M). 
With phase modulation the signals are modulated in phase relative 
ts the reference coherent vcltage. With relative phase modula- 
tion the phase of each subsequent send operation is dete>mined 
relative to the phase of the previous send operation. 


If the subsequert seid operation has a phase coinciding with 
the phase of the previous send operation, then 0 is assigned to 
the subsequent send cperation. if the phase of the subsequent 
send cperation relative to the phase of the previous send 
operation changes by 180°, then 1 is assigned to the subsequent 
send operation (Fig. 7.8, diagram 5). A reverse approach to 
the transmission of 0 and 1 is possible naturally. 


With the OFM in the receiver tw» adjacent send operations 
are compared, but the absolute value of the phase of each, as 
with the ordinary phase modulation (FM) is not defined. 


Binary frequency-modulated signals [ChM] (4) obtain at the 
present time much used and 0 and 1 are transmitted by pulses 
from two different frequencies (Fig. 7.8, diagram 6). 
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For the separate reception of the pulses, it is necessary 
to have two filters tuned to frequencies tf, and f,- At the 
output of the filters there is included a balance detector, which 
issues video signals of negative cr positive polarity depending 
on whether the signal is reccived at frequency f) or frequency 
f. (Fig. 7.9). 





Fig. 7.9. The reception of two- 
frequency binary signals. 


Broadband binary signals. Diagram (7) of such signals 
is shown on Fig. 7.8. The transmission of the zero corresponds 
to the absence of the signal and one —- to the transmission of 
the pulse signal with the linearly changing frequency. Such a 
signal possesses a broad band of frequencies. If in the frequency 
band of the signal there is a narrow-band noise, then its role 
is less when the spectrum band of the signal is wider, since 
after the optimum processing of the signals the signal-to-noise 
ratio is proportional to ratio of energy of the signal to the 


- spectral density of the power of the noise in the signal band. 


After the optimum processing the broadband signal can be 
decreased in length which is considerably important for the 
solution of a number of problems. 
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7.9. Features of the Construction 
of Discrete Communication Systems 
which use Uniform Codes 


In contemporary discrete communication systems, irrespective 
of the form of the trarsmitted information, as a rule, uniform | ; 
codes are used. The use of uniform codes in many respects ° 


determines the features of the construction of the transmitters _ 
and receivers. 


Thus, the transmitter of the discrete system, apart from coding 
and keying should provide, in the first place, the identical 
period of each transmitted pulse and, in the second place, the 
definite sequence of the transmission of pulses making up the 
code combinations. This is attained by the introduction into the 
transmitting unit of a system of a special distributor, which 
operates at a constant rate. In actuality the transmitter of the 
discrete communication system, as a rule, consists of a coding 
device, a transmit*ing storage element, distributor and modulator 
(Fig. 7.10). 





Fig. 7.10. Block diagram of the transmitter 
of a discrete commurication system. 


By means of the coding equipment the discrete information 
undergoing transmission is converted into a k--discharge binary 


number which is fixed by elements of the storage element. 


The transmitting distributor, the number of contacts of which 
is equal to the number of elements of the code combination, 
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consecntively converts each dinary figure (6 or 1) into the 
appropriate electrical pulse of a definite reriod. Electrical 
signals, according to the selected method of keying are formed 
by the modulator. 


When equipment of discrete communication 1s used for the 
transmissica of results of the operation of the computer entering 
in binary form, the data are directly introduced into the storage 
element, passing by the coding device. ‘Thus, the code combination 
of the transmitted message which enters into the storage element 
in the form of a parallel code, 1.e., in the form of a code 
combination all elements of which are recorded simultan2ously, is 
converted by the distributor in a Séquence of pulses of equal 
length. 


Let us now examine the conversion by the receiver of the 
Signal into a message. From the output of the communication 
channel the signal is fed to the demodulator, which restores the 
Sequence of pulses formed by the transmitting distributor. 


Since the restoratien on reception of the transmitted message 
is possible only after all k pulses are known, one of the units 
of the receiver of the discrete communication system should be 
a device which reccrds (stores) the elements which comprise the 
code sombinations. Such a device is called a stack and is found 
in any receiver of the discrete system. 


It 1s evident that the stack should contain so many storage 
elements whatever the word length of the code used. In this 
case it is necessary that each i pulse of the received combina- 
tions would always be recorded completely by a definite i-m 
element of the setting device. 


The selective registration of the received pulses by the 
elements of the setting device is provided by the receiving 
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distributor, by means of which every element of the stack is 
connected in turn to the output of the demodulator. 


Thus, with the help of the demodulator, distributor and 
stack, which are component parts of the receiver of the discrete 
communication system, the transmitted code combination ‘s 


‘distinguished from the received signal and is recorded by elements 


of the stack. 


If the received message is the information undergoing further 
precessing in the computer, the recorded code combination at the 
end of each cycle of the receiving distributor is read from 
the stack and with a parallel code is fed to the input of the 
computer. 


If the received messages are signs of the text, then the 
recorded code combinations from the stack are fed to the decoding 
device. The decoder provides the qualitative distribution of 
code combinations entering its input along the appropriate 
outputs. 


In discrete systems with the printing of the receivea signs 
on tape or a sheet of paper, the decoding equipment, in dividing 
the code combinations, prepares for printing that sign, whose 
code combination is recorded by the stack. 


Consequently, the decoder and printer together with the 
demodulator, receiving distributor and stack, are the main units 
of the discrete communication systems intended for the transmission 
(reception) of the text. 


Figure 7.11 gives a block diagram of a receiver of the 


discrete communication cystem. 
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Fig. 7.11. Block diagram of the receiver 
of discrete communication system. 


The cophasality of distributors of discrete communication 
systems is the basic condition of their correct operation. The 
loss of cophasality leads to the full curtailment of the communi- 
cation. Let us explain the aforesaid in an example. Let us 
assume that in the time interval ta-ty from the output of the 
demodulator the third code pulse entered. Since the third pulse 
should be recorded by the third storage element, then during 
time from t3 to ty the phase of the receiving distributor should 
be sutn that connected to the output of the demodulator is the third 
storage element. Then during the reception of the fourth pulse 
(ty-te) to the output of the demodulator the fourth storage 
element should be connected and so on. The indicated phase 
relationship should be retained with the reception of any code 
combs nation. 


To provide the required cophasality in receivers of the 
discrete communication systems, there are special correction 


devices. 


Given below is the classification of the discrete communica- 
tion systems produced according to the most characteristic 
criteria: according to the form of the transmitted information, 
according to the method of the maintaining of cophasality of 
the distributors and according to the method of the use of a 
transmission cycle (reception). 
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According to the form of the transmitted information, the 
discrete communication systems are divided into data transmission 
systems and systems of the transmission of texts. 


According to the method of the maintaining of the cophasality 
of distributers, all the discrete communication systems are 
divided into synchronous and start-stop. 


The synchronous systems are called such systems whose dis- 
tributors operate continuously independently of whether messages 
are transmitted or the system is found in quiescent conditions. 
Correction devices which provide the maintaining of the cophasal 
operation of the distributors continuously trace the phase 
relationship and if necessary eliminate the mismatch. : 


In start-stop systems the receiving and transmitting 
distributors are connected only with the transmission (reception) 
of the code combinations. In the absence of transmission the 
distributors do not operate.. 


The cophasality of the distributors is attained in that the 
receiving distributor is started immediately after the beginning 
of the operation of the transmitting distributor (start) and 
upon termination of one cycle is stopped (stop). Due to this 
the phase split between the distributors, which is stored toward 
the end of the cycle, is eliminated and at the beginning of the 
following cycle the cophasality of the distributors is provided 
by the stability of the drive. 


According to the method of the use of a cycle of transmission 
(reception), the discrete communication systems are divided 
into single and repeated. 


In single systems connected to the tran:nitting distributor 
is one storage element and connected with it is the coding 





device (Fig. 7.1C). In single systems during ore cycle of the 
transmitting distributor one code combination is transmitted. 


If connected to the transmitting distributor are several 
storage elements, cach of which will have their coding device, 
and during one cycle of the distributor to insure t::2 transmission 
of several code combinations (according to one combination from 
each coding device), then we will have a multiple system. 
A Figure 7.12 gives a block diagram of the transmitter of multiple 
communication system. 










Information } 


Information ? 


Fig. 7.12. Block diagram of a transmitter 
of the multiplex diode system of communica- 
tion. 


‘Transmitting distribution 





As can be seen from the diagram, the multiplicity of the 
system is determined by the quantity of sources of information 
(coding devices with the storage elements), between which the 
cycle of transmission (reception) is divided. 





Multiple systems allow, on one hand, using more fully 
the transmission capacity of the line and on the other hand 
grant the independent communication channels to a’ larger number 
of correspondents. Multiple systems are occasionally referred 
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to as the discrete communication systems with time-division 


multiplex. - 


Let us note that all the start-stop signals are single, while 
the synchronous systems can be single and repeated. It is 
necessary to add to this that ail the discrete ccmmunication 
systems in the form of utilized elements are divided into 
electromechanical and electronic. 


Electromechanical refers to systems built on contact elements 
(electromagnetic relays, disk or cam distributors, etc.). 


Electronic systems are those which are constructed on the 
noncontact switching elements, irrespective of whether they 
are built around electron tubes, semiconductor devices, ferrites, 
and so on. 


7.10. Layout and Operating Principles 
of One of the Existing Systems of 

Data Transmission to the Automatic 
Control System 


In the foreign press there are reports about use in the USA 
of the equipment AN/TSQ-7 for the transmission of radar data 
along teiephone channels in systems of the fire coordination 
or antiaircraft artillery, in particular, in the system 
"Missile Master." 


The system AN/TSQ-7 provides data transmission on 48 aerial 
targets. By means of the system (in the rectangular coordinate 
syste-, the coordinates of targets making up the vectors of 
speeds of the targets in a horizontal plane (vis Vy: and also 
auxiliary information - the number of target, the characteristic 
of states of facilities and instruction are transmitted. 
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In the transmitter systems of the DC voltage, which reflect 
the transmitted information, are converted to numbers of the 
binary code being transmitted into line at a rate of 750 bits. 
Unity corresponds to the presence in the line of the signal of 
the carrier frequency of 1500 Hz, and sero = the absence of 
signal. 


™e length of each unit pulse (vause) is 1.33 us. The 
tra.amission of the message about one target occupies 109.30 us, 
wiile the transmission of data on 48 targets, consequently, 
occupies 5.24 s. 


To account for the distance between the points of the 
reception and the transmission of information, the system provides 
for the reduction of coordinates to the single reference system. 


A block diagram of the transmitter of the system is depicted 
in Fig. 7.13 and of the receiver - in Fig. 7.14. 
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Fig. 7.13. Block diagram of the transmitter 
of system AN/TSQ-7. 


Entering into the units of targets are voltages characterizing 
the coordinates and speeds of 48 targets, where they are temporarily 
stored. The unit retains the information about every target 
and transmits it to the coordinate unit in the sequence determined 
by the program generetor. At each given moment consecutively 
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Fig. 7.14. Block diagram of the receiver of the 
system AN/TSQ-7. 


the voltages characterizing the coordinates and speed of one 
target is transmitted. The coordinate unit, just as the unit 

of targets, has elements which serve for the memovcization of the 
cocrdinates and speeds of one target for the period of serial 
transfer into the converter "voltage-number" of each of the 
voltages characterizing the coordinates and components of the 
vector of speed of one target. 


In the converter the DC voltages are converted into a 
sequential digital code, and correcitons for the curvature of 
the earth are also introduced. 


The converter operates in the following manner. The sawtooth- 
voltage oscillator continuously produces a linearly changing 
DC voltage. The rate of change in the voltage is maintained 
constant with high accuracy. By means of a comperison circuit 
this voltage is compared with the input voltage, which reflects 
one or another coordinate or velocity component. The moment 
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of the equality of the vcitages is fixed by; the decimal counter, 
which is started simultaneously with the begi:ning of each 

period of a change in the saxtocth voltage. The counter generator 
generater pulses with a frequency of 10C Hz. 


The quantity of pulses computed by the counter at une momert 
of the equality of the voltage of the converter and transmitted 
value will correspond to the decimal digital code of the 
transmitted value. In the digital unit the cbtained decimal 
number is converted into a binary number. 


The target position data and velocity components are transmitted 
a}so sequentially into the summing digital unit. Auxil:ary data 
an¢d the parallax correction between the point of stand.ng and 
beginning of the single system of rectangular cocrdinates into 
the summing digital unit are introduced. The auxiliary data 
and parallax are introduced by means of a set of corresponding 
codes reflecting these data. The codes are typeset manually 
by means of telegraph keys, each of which has two positions 
corresponding to "zero" and "one." 


From the summing unit finally the formed codes sequentially 
enter into the output unit. The latter oscillates at a frequency 
of 1500 Hz by means of a high-stability tuning-fork oscillator. 


The c.des of information, which are the sequence of ones 
and zeros, control the turning on and turning off of the signal 
being transmitted into the line. 


The program generator produces control pulses with a repeti- 
tion frequency of 750 Hz (1500:2) and feeds them to other units 
for synchronization of the fulfilled czerations. 


The total message consists of 82 time intervals with a length 
of 1.33 ms. The structure of the standard signal is shown in 
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Fig. 7.15: The first eight intervals are occupied by a synchron- 
izing signal. ‘The second ten intervals (bits after the synchron- 
izing signal) are removed for the supplemental data and the 52 
subsequent intervals (bits) are removed for the coordinate data, 
and of them: the first 10 - for height; the following two words 
of 13 digits each ~ for the trangemission of coordinates X and Y; 
and two words of 8 digits each - for velocity components ve and 


w 
v e 


y 
Intervals of 70-79 are used for the transmission of the second 
word of auxiliary information. 


The following then 80th interval (for the terminal timing 
pulse) is free provided the transmitted sequence is not the 
last for this target complex. 


The last 8lst interval (reading is conducted from the sequence) 
is protective and always free. After it the transmitter con- 
secutively transmits analogous sequences - the information about 
the subsequent targets. At the end of the transmission of the 
message about the last target, into the %0th interval the 
"terminal synchronizing pulse" is introduced. Owing to this the 
receiver is synchronized with transmitter independently of the 
number of targets transmitted. The receiving system operates in 
a sequence opposite to the sequence of the operation of the 
transmitter. The signals entering into it are amplified and 
then are detected and divided. The selected pulses of informa- 
tion are transmitted sequentially into the digital unit. In 
the latter the appropriate parallax components are subtracted from 
values of coordinates X and Y. In the digital unit, auxiliary 
information is also separated. Pulses of the code of this 
information put the receiving relays in a position which reflects 
"zero" or "one." Each of the 20 digits of auxiliary information 
is represented by one relay. These relays hold the assigned 
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position during the entire duration of the transmission of infor- 
mation on one target. 


From the digital unit values of the target position data and — 
velocity components enter into the "number-voltageé” converter, 
wnich converts values from digital form into DC voltages. Here 
corrections for the curvature of the earth are considered. 


The cperating principle of the converter is explained by 
the diagram depicted on Fig. 7.16. 


The DC voltages representing X, Y, H, and also ¥, and yv 
are consecutively connected to the storage and output unit, in 
which stored in separate circuits are the memories of the value 
of H, X, Y and vy and Vy of each target during the time recessary 
for the serial transfer of these values into the storage unit. 
Upon the termination of the reception all five voltages simulta- 
neously approach the output. Operations in the receiving system 
are synchronized by the program generator. 





Digital code 


Fig. 7.10. "Number-voltage" converter. 
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The distributer is assembled on small-size relays similar to 
the analogous unit at the transmitter. This device makes it 
possible to relay the received data on each target along 48 
separate lines serviced at the ends by the receiver. 


The input signals, amplified in the input unit but still not 
detected, enter into the distributer, in which data on each of 
the targets are divided and directed along the appropriate lines 
toward the receivers. . 
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CHAPTER 8 


METHODS AND MEANS OF THE DISPLAY 
OF INFORMATION 


8.1. Methods of Visual Display of 
Information 


Features of the conducting of contemporary combat operations 
(increased dynamicity, increase in the speeds, ranges and 
destructive power of the weapon) lead to the fact that at the 
command posts there is processed such an information flow which 
one person often cannot comprehend in those short time intervals 
during which it is available in the process of the control of 
combat. In connection with this the selection of rational forms 
of the bringing of information processed by the computer to the 
appropriate persons is very important. 


Since of all the sense organs of man the maximur transmitting 
capacity is processed by the visual channel, the primary value is 
acquired by methods of the visual representation of information. 
The display units of information in automated control systems 
basically reproduce the visual information. 


The information reproducible at the command posts of 
automated control systems can differ by the position and orientation 
of the characters, the gradation of brightness or tones of the 
monochromatic image, by color and its intensity, by form and 
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dimensions, and also by the derivatives of these parameters, for 
example, by the flickering movement or storage of the image. Of 
the many methods of visual representation of information in the 
automated contro] systems, at the present time the most widespread 
use is the alphanumeric method, the method of the representation 
of information by characters of an arbitrary form, the method of 
the delineation of the lines, and the method of the designation 
of areas. 


With the alphanumeric method of the representation of 
information, the data are reproduced by means of letters and 
digits represented in the form of tables or text. This method 
is the most common and is quite effective. Investigations show 
that the operator's reaction when using an alphabet of digits and 
letters is more active than when using more complex alphabets. 


The use of characters of arbitrary forms is also a very 
effective method of the expression of complex thoughts, subjects 
or events. A shortcoming of the method should be considered the 
the comparatively small number of different characters suitable 
for visual representation due to the limitedness of storage of 
the operator and difficulty of the designing of characters with 
high mnemonic value. 


Some forme ef information are difficult to represent on 
visual displays by means of the alphanumeric signs or characters 
of an arbitrary form. Thus, atr routes, highways, topographic 
contours, the routes of movement, radii of zones of action, 
etc., are best of all represented by the method of the 
delineation of lines. Furthermore, this method is rather simply 
implemented when data enter from the output of the computer. 


Representation of areas is necessary for designation of the 
basins, combat areas and sectors contaminated by toxic or 


radioactive materials of the sectors. The areas can be reproduced 
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by the method of the delineation of the lines, by the use of 


characters and shading, and also by the compilation of remarks. 
The coloring or blackout of areas are promising; however, at 
the present time these are difficult to attain. 


The evaluation of methods of the visual representation of 
information cepends on such factors as psychological features of 
the activity of the operator receiving the information (for 
example on the possibility of the operator of distinguishing 
the gradations of brightness or color), on the relative com- 
patibility of methods of coding and on a whole series of other 
reasons. 


At the command posts of the automated control systems, 
usually ali the enumerated methods of the representation of 
information in different combinations are applied. 


Graphical information from the computer is displayed by 
means of different devices which, according to the method of 
their technical implementation can be divided into the following 
groups: 


- electromechanical devices of the displaying of graphical 
information [UVGI] (YBN); 

- electronic UVGI; 

- electroluminescent UVG1; 

- UVGI based on microfilms; 
photochemical and electrochemical UYGI; 
ecmbined UVGI. 


In electromecnanical UVGI digital signals from the computer 
or another device which transmits digital information, after the 
conversion into analog form and amplification, are fed to the 
servodrive of the mechanical drawing device. 
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In electronic UVGI graphical information is displayed on 
the seree:' by electronbeam tubes [ELT] (3/7). 


The basic part of the electroluminescent UVGI is the matrix 
(screen) consisting of separate cells with an electroluminescent 
cover. The luminescence of the separate matrix cells forms on 
screen the necessary alphanumeric and graphical information. 


In the UVGI built on the basiz of microfilms, the major 
carrier of information is the microfilm (or diapositive) on 
which the information is directly fixed in graphical form. 


In photochemical and electrochemical UVGI the image is 
obtained because of the reversible or irreversible chemical 
reactions occurring in the sensitive layer of the electrochemical 
paper, photographic plate, and so on. In the combined UVGI 
the different principles described above are combined. 


8.2. Methods of the Formation of 
Elements of The Image in the Electronic 
Devices of Displaying Graphical 
Information 


For the visual representation of information presented in 
digital code, the digits must be translated into characters, 
lines or contours and in a definite order placed them on the 
screen of the ‘levice of visual representation. 


In general form the block diagram of the device of visual 
representation of information takes the form indicated on Fig. 8.1. 


In the electronic devices of the display of graphical 


information, for the formation of the characters the most widely 
used are the following methods: 


oo 
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Fig. 8.1. Block diagram of the device of visual 
representation of information. 


- the method of the dot image, wnich consists in the 
formation of one or another character from isolated dots; 


- the method of scanning of the CRT (Cathode Ray Tube) beam; 
in this case for each character its form of scan by means of 
a grid of magnetic cores is created; 


- the method of Lissajous figures, which uses scanning of 
She image and its illumination along the sign trace; 


- the method of the figure beam, which consists in the fact 
that assigned to the t~insverse areas of the beam of the cathode- 
ray tube is the form of that character in the form of which it 
is necessary to represent information. 


All these methods are united by the general principles of 
the construction of the biock diagrams. Each of the shcenes 
must have a unit of identification of the character, a unit for 
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positioning the character on the screen, a memory unit and a 
cathode-ray tube. 


Figure 8.2 depicts a block diagram of the device for the 
information of characters by the method of the dot image. When 
using the method of the dot image the characters are formed from 
separate dots of the contour corresponding to one or another 
character. Each dot in turn is formed by deflection of the beam 
by the cathode-ray tube along axes X and Y by the assigned magnitude 
{at the necessary place on the screen). Then the cutoff voltage 
is removed from the tube, and the dot is projected on the screen. 
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From digital 
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Fig. 8.2. Block diagram of the device for the 
information of characters by the method of the 
dot image. 
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Each character is formed from the configuration of dots 
which are defined and constant for this character. The number 
of dots, the coordinates of civergences of each dct along the 
axes, and the relative position of the dots for each character 
are stored in the memory unit. The memory units can be constructed 
in the form of circuits containing resistors or in the form or 
ferrite matrices or a magnetic drum. 


As a result of the data processing, the digital computer 
issues a combination of codes of characters. Each code of 
the character is characterized by a conditional subscript and 
plac: of position of the screen (for example, the code of the 
character "A"; and the code of the position of this character 
on the screen - Xy and Y,)- The code of the character enters 
into the unit of the identification of the character, where 
according to its subscrip* the coordinates of the position of 
dots in the memory unit making up this character are determired. 
Having obtained the signal about the output of the image of the 
character, the memory unit sequentially issues coordinates of 
each point relative to the center of ccntour (X, Y,)- According 
to the code of the position of the character on the screen 
(Xys Y,) the unit of the position of the character produces 
coordinates of the position of the center of the character on 
the screen (Xs Yi)» which are then added to the coordinates of 
dots (X, » Y.), and the resuiting divergences (X and Y) are fed 
to the cathode-ray tube screen. AS a result of the sequential 
transfer of dots at the assigned place of the screen, the 
character issued by the computer is represented. 


The method of the formation of the character by means of 
scanning is used with rasters (forms of the scanning of characters), 
which are formed with the help of a grid of magnetic cores or 
an optical stencil (masks). The formation of the characters with 
the help of a grid of magnetic cores is clarified in Fig. 8.3a. 

The ferrite cores cf the grid are connected in different 


260 





a “TTs0070Y4 
-USsaTOS 94} UO UaqZovreYyd Jo uocTyy;sod Jo sayeutTpacos isda rs iet an 


€ 
-Ae7zoOVIBYD ayy JO UOTATSOd Jo ATU (TT) fsedoo Jo 4fnouto aya jo aouanbas (OT) 


«/V «V € 
£(°4 X wu Vu 9POD) Aagndulod woug (6) ty $ i 
. : : ysey Syseu Jo Jusuaao 
*3yun sTOuQuOd AseW (9) *HSeU ayy Jo UCT AceTaS 3y3 jo es oTZ07 (ey ean — 
geo uo FQoaTaS aud JO 3TUN (hf) fa4aqoereYydo ayq Jo uCcTA.aTaS ayQ Jo q¥NoITo OFZo07 
(€) Saeqoeaeys ayq jo UOT WoTITIUspy suqy Jo 4atun (2) faeofTaaep ATouay (1) ?22¢ 


7 *“poujZow ysew TeotTqydo 
Spougeu Buyuusos ayy Aq (@ :suaqgoerRBeYyo auy jo uoFAeUosJ 3243 Jo gee veactaa 








ouodue on 

ovoowns 
wnuemevou woune 
-doow puwogodieg 


(2T) 





euwsouevew seer to) wal #0, 6 ) 





Bvoewns 
Bdogiee Gwar. 
wonvoantey ( € ) 





ovycewns 


SANDODNCO. 0 wavy ( e } 


‘09 duh , . 
ocmorbunwoung ( T) 


20H 


PORN YON PR Ale pe, nantes 


sty year 


= srgoatear ay 


combinations, forming geometric outlines of one or another 
character. ‘The cemputer issues, as in the preceding cage, 

the code of character (A) and the code of the position of the 
character on the screen. The code of the character enters into 
the unit of the {dentification oi the character, where the 

order of the circuit of the cores in the grid corresponding to 
each character is stored. The ferrite grid controls the bean of 
the scan of the cathode-ray tube. As a result the beam of the 
scan will also draw the letter A on the tube screen. Simultaneously 
in the unit of the position of the character voltages are produced 
which are proportional to the coordinates of dot of the position 
of the center of the character on the screen, in consequence of 
which the letter A will be depicted in the ecrresponding place 


on the screen. 


Images of the characters are formed somewhat differently 
by the method of scanning with the help of an optical stencil 
(mask, Fig. 8.3b). ‘The display unit contains an additional 
cathode-ray tube for the development of the raster of the signal. 
Situated between this tube and the photocell are masks oF all 
the characters being used in this display unit. The masks are 
prepared from a material opaque for light. They have figure 
slits corresponding to the geometric outlines of the characters. 
The code of character enters into the unit of the selection of 
the mask. As a result of the function of the unit, the mask 
which corresponds to the character formed is located between the 
tube and the photecell. The beam of the raster will luminesce 
the character through the mask. The pho. ocell controls the 
scanning of the beam of the main tube, on the screen of which 
this character is represented. The place of the representation 
of the character on the tube screen corresponds to the voltages 
produced in the unit of the position of the character. 


For the formation of characters by the method of Lissajouz 
figures, an oscillator producing sinusoidal oscillations of 
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different frequencies is used. From these frequencies outlines of 
different characters are combined by means of the limitation 

and selection of moments of their inclusion. The simplest 
principle of the writing of digits by means of Lissajous figures 
t3 explained by Fig. 8.4. 
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Fig. 8.4. Explanation of the principle of the 
writing of digits by means of Lissajous figures. 
KEY: (1) Motion of ray; (2) Illumination pulses. 


Jsed for the writing of the digits is one of Lissajous 
figures, which is obtained with beam deflection by two sine 
voltages with frequencies of which one is twice higher than 
the other. The figure being formed here reminds one of a fig- 
ure &, The digits are obtained by means of the illumination 


2b: 








of the beam at the appropriate moments of time when it follows 
along the profile of the eight. 


With such a mechod of the writing of digits, the control 
consists in the selection of conductions of illumination and of 
the pulse shaping of the iilumination. 


There are other varieties of the image method of digits 
by means of Lissajous figures. As the example which explains 
one of such varieties, let us examine the shaping of number 4 
(Fig. 8.5). 





Fig. 8.5. Display of the dial of clocks obtained 
on the tube screen and an example of the shaping 
of voltages for representation of number 4, 


The voltage of vertical seflection U, in sector 2=3 is 
obtained by means of the addition of the Beaver Cerne of 
the sine voltage (at ) witn the negative half-wave (b! ) shifted 








90° in phase with respect to the first. Solid line shows the 
resulting form. 


The voltage U, of horizontal deflection is obtained from 
the same sine voltage leading in phase the voltage of verticai 
deflection by 90° (c2). In this case the negative half-wave 
of the voltage U, is shifted with a lag relative to the positive 
half-wave for a certain time. On sector 4-5 the voltage a’, 
being added to the positive half-wave, forme a figure similar to 
the voltage of vertical deflection. As A result of the astion of 
voltages U, and u, on the cathode-~ray tube screen, the sign 
shown in tne upper right part of Fig. §.5 is drawn. In srder 
to obtain the Fig. , the dashed part of the sign is blanked. 
Using different combinations of the contol voltages UL and Uy» 
it is possible to obtain any display (for example, a model of 
the dial of clocks). 


& characteristic feature of the enumerated methods of the 
formation of the characters is the fact that in them the electron 
beam of the tube is the writing element being used as a rencil. 


In spccial sign cathode-ray tubes characters are written on 
the screens by means of an electron beam, to the cross section 
cf which is assigned the shape of that sign which must be recorded. 
The electron beam seemingly print on the screen the necessary 
signs, unlike the devices with ordinary tubes where the recording 
cf the signs requires the aprropriate complex circuits of 
scanning anid control. 


Yn relationship to the ciearness of the signs, the speed of 
the display and c»nvenience of their use in conjunction with the 
computer, the sign cathode-ray tubes exceed all the remaining 
types of tubes intended fcr that purpose. As an example let us 
examine 2 sizn cathode~ray tube cf the Charactron type (Fig €.06a). 











Fig. 8.6. Diagram of a device of a sign cathode- 
ray tube of the Charactron type: a) single-beam; 
b) with window in rear wall. 


In such tubes installed between the screen and the electron 
gun is a matrix with a large number of small shaped holes. By 
directing the team through these openings, it is possible to 
project on the screen the necessary combination of numbers, 
letters and symbols. For this at first the electron beam is 
deflected in such a way that it passes through the defined holes 
of the matrix and forms the necessary image. Then the beam is 
deflected for a second time in order that the formed conventional! 
image would enter into the necessary place on the screen. 


The signs of the matrix and their position on screen for 
display are selected by signals from the computer fed to the 
deflecting plates of selection of the sign and to the deflecting 
coil of the position of the sign. By alternating in a definite 
o7der the deflecting voltages on the screen of the charactron, 
iit is possible to apply the combat situation and another informa- 
ticn. Because of the high rate of movement of the beum and the 
presence of a sufficient screen afterglow, all signs on the screen 
are vixibie simultaneously. 
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The specific element of the Chceractron is the matrix, and 
it Getermines the type and total amount of the signs used. 
Usually the matrix (Fig. 8.7) ts made of metal with a thickness 
of hundredths of a millimeter, and area of the matrix is about 
1.5 mm* ; arranged cn it is not less than 60 signs, and the height 
of each sign is about 0.3 mm. 


GOXYVJIMW2 Fig. 8.7. Matrix of the Charactron 
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In the sign cathode-ray tubes intended for operation in 
systems with the use of circular-scan radar on the matrix, besid=s 
the signs there is a circular opening which makes it possible to 
pass the entire electron beam and then focus it on the screen 
just as in ordinary cathode-ray tuces. This makes 1% possible 
to use a sign tube also as a plan position indicator. 


Besides the ordinary (single-beam) tubes of the Charactron 
type, double-beam tubes and also tubes with a winé«w in the 
rear wall are manufactured. Through this window, with the help 
of a projector, static information is luminesced (Fig. 8.6b). 


On sereens of Charactrons used in aix defense systems, the 
so-called “logbooks" of targets are used as characteristics of 
aerial targets. 


The logbook of the target (Fig. 8.8) can be expressed by 
& group of several groups and digits. The center cf each group 
determines the target position, and the pointer sear the logbook 
determines the direction of its motion. The logbook is moved on 
the tube screen in accordance with the motion uf the target. 
Figure 8.9 shows the screen of a Cnaractron on which pipes of 
targets with logbooks are visible. 
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Fig. &.8. Logbook of a target. 


Fig. 8.9. Display of aerial 
situation on the screen of 
the Charactron. 
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Besides Charactrons, for the reproduction of an aerial 
situation a storage tube of the Typotron type can be used, and 
it represents a variety of the Charactron with a storage of 
information. In the Typotron the beam also passes through the 
matrix and two systems of deflecting plates. However, the 
information is recorded not on the luminescent streen but on a 
dielectric storage target, on which it can be stored for a very 
long time. The target is a smai)-structure grid which is located 
in parallel to the screen and several centimetere from it and is 
covered on the inside by a dielectric layer. If necessary the 
entire information from the target can be erused by a change in 
the supply voltage on one cf che electrodes of the storage 
device. The Typotron and basic elements of its electron-optic 
system are given on Fig. 8.10. 


Jariting gun 
Plates of the sign selection 
Matrix 








Focusing coil 
7 


Compensating plates 


Deflecting plates 


Fig. 8.10. Typotron and basic elements of its electron- 
optic system. 


The operating principle of the Typotrori can be explained in 
the following manner. fFlectrons of writing beam, whicn carry the 
image of the sign, bombard the surface of the target, which is 
the basic storage device element of the fube. The electrons 
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knock out secondary electrons from the target surface. With the 
imparting to the beam of speed, the coefficjent of secondary 
emission of the target becomes greater than one, and therefore 
the target at places undergoing bombarding by electrons is 
charge? positively approximately up to the potertial of the 
collector grid, which £s in front of the target. Thus, a 
potential relief in the shape of the appropriate sign is formed 
on the target. 


Besides the writing gun, which operates fer a short time 
only at the monent of the writing, in the tube there is a 
reproducing gun with an unfocused beam. This gun creates the 
wide uniform beam of the low-velocity electrons irradiating the 
entire target. 


The cathode of the reproducing gun has a potential 
approximately equal to the potential of the metallic backing of 
the target and is usually connected with the housing. 


The flov of slow electrons, which is directed through 
the collector grid on sectors where there was nothing written, 
encounters the decelerating field of the target and is reflected 
from it. Therefore, at places of the target where there is no 
recording electrons do not pass through the dielectric. At places 
where there is a recording of tne sign, electrons pass without 
difficulty through the grid celis and under the action of the 
accelerating field strike the screen, forming an image of a sign. 


Information recorded on a Typotron in conditions of storage 
can be retained for an arbitrarily long time. The image on the 
screen can be erased, having lowered the potential of the collector 
grid. In this case the vaiue of the potential of the surface of 
the dielectric will be lower than the critical, and under the 
action of the flow of slow electrons it is reduced to zero. A 
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new recordir:z is possible only after the establishing of nominal 
values of voltages on aii electrodes of the tube. 


Installed in front of the collector grid is a grid of the 
ion reflector, to which a positive potential is fed. The pur- 
pose of the grid is to block the target against the entering of 
positive ions, which are formed in envelope as a result of the 
fonization of residual gases. On the walis of the envelope 
between the reproducing gun of sicw electrons and the screen there 
is applied a layer of Aquacdag (3rd anode), to which a positive 
potential is fed. Different potertials of the 2nd and 3rd anodes 
create the lens - collimavor, the purpose of which js the 
conversion of the diverging flow of slow electrons of the 
reproducing gun into the flow perpendicular to the surface of 
the target. Such a vonversion is necessary for the prevention cf 
distortion of signs during their transmission from the target to 
the screen. 


The average time necessary for the recording of one sign is 
approximately 406 us. For the erasure of the written image, 
approximately 50 us are necessary. ‘The condiderable erasing time 
of the image impedes the use of the Typotron. 


Signs reproducible on the screen of the Typotron are so 
bright that there is a possibility of using the Typotron for 
observation of informaticn written on it even in the presence of 
external illumination. 


The basic use of the Typctron is as an electronic signal 
panel instead of different light tables. Furthermore, Typotrons 
with dimensions of the screens of up to 500 mm can be used as 
indicators in systems where the display of a large volume of 
information with its one-shot output is necessary. 
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Usually the matrices of electronic ‘VGI have 64 or 128 
different characters and a speed of generation of 25,000 to 
200,000 characters per second. Fer screens of the tubes phosphorous 
with a small afterglow is usually used. To avoid noticeable 
flickering the rate of the exchange of the frames should not be 
less than 40 per second, and therefore practicaliy with the 
indicated speeds of generation on the screen it is possible to 
illuminate not more than 600-5000 characters. 


Many electronic UVGI are equipped with a buffer storage 
the basic purpose of which is tne freeing of the computer from 
operation in the exchange of images. For example, if an image 
must ke changed 40 times per cecond in the presence of 2000 
characters on the screen, then each second entering into the 
devices which do not have buffer storage should be about 
80,000 information words. Ecuipment of the buffer storage is 
lucated between the output of the computer and the display 
unit. The equipment stores the information coming from the 
computer, and this information can be used repeatedly. The use 
of the buffer storage makes it possible to reduce the information 
flow of the computer by 1000 and more times. 


In all the examined sign cathode-ray tubes there are 
functional elements which should be affected by control 
signals for the obtaining of the image of the signs. Such elements 
are: 


- device for shapins the electron beam and the control of 
it; 


system of the selection of signs on the matrix; 


- address system for the arrangement of signs on the screen. 
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Since the basic purpose of such tubes is their operation in 
conjunction with the computer or other devices which produce 
information in binary code, then the control circuit should 
contain code registers in which is the entered information is 
stored and converters for converting digital values of the code 
to continuous voltages or currents proportiu..al to it. 


In this case the control circuit should have a device which 
would determine the sequence of the action of control voltages 
on funccional elements of the tube. 


Figure 8.11 depicts one of the possible variants of the 
control circuit of the Charactron. 


Entering into the contrcl circuit from the source of 
information which produces it in the form of a parallel binary 
code are the codes which locate the beam on the tube screen 
and determine tise selection of the required signs of the 
matrix and also the control signals which are necessary for the 
communtation of the separate units of the control citcuit. One 
control signal determines tne rat~ and sequence of operation 
of the control circuit and the other is intended for the return 
of all the registers to the initial position before the beginning 
of the next cycle of the display of information. The information 
enters into the control circu:t in a definite sequence. At 
first codes determining the position of the beam on the screen 
enter into the commutator. Then codes of the position of the 
beam are converted into continvous vaiues of currents or the 
voltages and through push-pull amplifiers act on the address 
system of the tube, establishing the beam at an assigned place 
on the screen. In this case the tube is cutoff. 


After the passage of the codes of the position of the beam 
codes of signs of the matrix enter into the commutator. In this 
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case codes of the position of one sign of the matrix on the 
vertical and horizontal enter simultaneously. The entered 
codes from outputs of the commutator act on the registers of 
the selection of signs of the matrix and on the converters. 


The continuous voltages, which are proportional to the 
values of the codes, proceed through push-pull amplifiers from 
the converters to the deflecting plates of the tubes, determining 
the selection of ore or another sign on the matrix. 


In order that on the screen of the Charactron there would 
not be observed a trace of the changeover of the beam from 
one sign of the matrix tc the other, each code of the sign is 
finished by an extinguishing pulse. 


For the clear operation of sign cathode-ray tube; the 
stability of the current in the focusing coil is of special 
importance. For this purpose high-stability stabilizers are 
used. 


8.3. Electromechanical Devices 
of the Output of Graphical Information 


Electromechanical UVGI refer to sutomatic drawing machines 
and also special-purpose devices for the derivation cof informa- 
tion on a large screen. Usially these devices are used for 
the demonstration of variable data agair.st an invariable 
background (for example, the transfer of aerial targets on a 
geographical map). in this case the background is projected 
cn 2 screen by means of an individual projector. If necessary 
the background can be changed. An examp'e of such a device 's 
the dynamic electromechanical projectcr cr the firm Temco 
Electronics (USA), a diasrammatic representation of whick is 
given on Fig. 8.12. 











Projection lens 
Plate with edge 
Servomotor along 
X_ axis 

Servomotor along 

Light filter Y axis 

Condenser 

Tight source 


Fiz. 8.12. Diagram of a dynamic electromechanical 
projector. 


Fed from a drum-type magazine to the operating position is 
a diapositive. It is arranged in paralled to a glass plate, 
in center of which an edge is fastened. First the plate is 


moved so th-* the edge touches the emulsion cover of the diapositive. 


The plate wis. the edge, moreover, by means of a servomechanism 
can be moved along the X and Y axes. When control voltages are 
applied to the servomechanism, the plate with the edge is moved 
and the edge draws a trace on the cover. AS a result on screen 
the background and traced line are projected. The diapositive 
use can be returned to the drum, and in its place a new cne is 
installed. 


For the displaying on the screens of information about the 
aerial situation in tie scale of the entire country, at command 


posts of air defense of the "ISA the electron-optic display system 


Iconorama is used. 
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This system consists of the following elements: 
~ large-wall screen; 

- several projectors with recording devices; 

- autonomous projector plane tables; 

- control panel of the projectors; 


- control boards and reproducing devices for the 
multiplication and documentation of the recorded information. 


The system 1s multichannel. For the display on a large screen 
of a complex situation simultaneously several projector devices 
are used. The basic element of the system is a projector device 
within which is built in the miniature recording mechanism 
(Fig. 8.13) consisting of an automatically rewinded transparent 
film covered with an opaque metallic layer and a very thin 
scratching needle rigidly fastened to a transparent holder. The 
holder with the needle is moved along the X and Y axes by two 
servo systems in accordance with the entering signals. Servomotors 
of the servo systems are connected with the holder of the needle 
by precise screw transmissions. 


On the termination of the recording or upon the exchange of 
the sequence, the needle is removed to the side by means of a 
solenoid. The recording mechanism is placed within the optical 
system with a colored light filter. 


The dimension of the projection reproducible by one projector 
is 2.5 x 2.5 m. Supplemental data in the form of cards, 
coordinate grids, alphanumeric designations, etc., can be 
superimposed on the obtained image by means of other projectors. 
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Transparent plate 
with edge 





Fig. 8.13. Diagram of a projector device of 
the Iconorama system (variant with the film 
being moved). 


There is the possibility of displaying the aerial situation 
in three projections, which is one of the advantages of 
Iconorama. A volumetric image can be obtained because of 
the use of projectors with a steroscoric optical system. 


8.4. Electroluminescent Devices 
for the Output of Graphical 
information 


Electroluminescence is connected with the emission of light 
by luminescent materials (phosphorus). In electroluminescent 
devices for the output of graphical information the phosphorus 
is activated (glows) in the electric field created by the 
alternating voltage. The phosphorus is included between two 
plates of a condenser and is dielectric. One of the plates - 

a transparent electro-conductive material - is applied to the 
glass or film and passes light Leing radiated by the phosphorus. 
The second plate of the condenser is a layer of aluminum applied 
to the phosphorus; it serves not only fcr the applicatior: of the 
alternating electric field and light reflection, but can ve 
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approximateiy divided into separate elements isolated from each 
other, from which different characters are compiled. 


One of similar devices created by the firm RCA is intended 
for the display of straight lines, letters and numbers on 
electrcluminescent panels. The electrical circuits of the panels 
are comparatively simple in connection with the fact that in 
each element of the panel there is “built-in" storage. Thus, 
one coding device can service several panels consecutively. Each 
of them glows until it is discharged by means of the cutting 
off the supply of driving voltage. After this the brightness 
practically falls instantly; however, for the repeated turning 
on of any element of the panel about a fourth of a second should 
pass. The panel consists of a large number of moduli, each of 
wrich in turn consists of a number of segments. From the segments 
it is possible to combine different characters (Fig. 8.14 shows 
the modulus and the characters obtained by it). 
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Fig. 8.14. Diagram of the 
modulus of electrolumine- 
scent panel u) and examples 
of characters obtained on 
its base b). 





An electric diagram of one segment of the panel is depicted 
on Fig. 8315, 


Controlling Fig. 8.15. Electrical circuit 
light signal of a segment of the panel. 
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Photoresistors %1 and 2 and electroluminescence elements 
3Nl and 3/2 are connected in parallel and included consecutively 
in the circuit of the source of alternating voltage. Elienent 
3/1 is located on the face of the signal panel and glows with 
excitation. Auxiliary element 3/2 and photoresistor 2 are 
lovated within the signal panel. Before the inclusion of the 
segment 1 and %2 are not illuminated, and therefore a voltage . 
drop across the electroluminescence elements 3/1 is very 
insignificant. When 1 is illuminated, its resistance decreases . 
and the voltage on el2ments 3/1 is increased and they begin to 
glow. Because of the optical feedback %2 is illuminated with 
light 3/2, and the supply of the activating indicating light 
can be discontinued. 


Besides the described type of panels, which consist of i 
shape segments, abroad matrices with a reference grid are used, 
and they are more universal since they can be used for the 
derivation of any graphical information. Fizure 8.16 shows 
the design of the electroluminescent panel with a reference grid. 
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Fig. 8.16. Design of a reference grid of an electro- 
luminescent parel. 


280 








| 


cay AA ES POO ER me Ne pet NRE Belcan 


set eee abet RSENS ND Mot pica ge oe pn 


RARER RENE OREO. er tate 4 


| 





ee a a a RN = ~ 


Applied to the glass base is a transparent electro- 
conductive ccvering of zinc oxide, which consists of separate 
bands (a quantity of bands corresponds to the number of lines 
in the nanel). Applied to this covering is a layer of phosphorus, 
then a layer of chemically pure metal, which provides the 
uniformity of the electric field, anc a layer which removes the 
nonlinearity of resistance. Finally, the last layer of eluminum 
also consists of the separate bands, perpendicular to the bands 
of the first layer (quantity of bands is equal to the number cf 
columns in the panel). For the luminescence of one point in 
the matrix, it is necessary to commutate the perpendicular bands, 
which intersect at this point. The resolution of the coordinate 
panels is about 1 mm. 


8.5. Photochemical and the Electrochemical 
Devices for the output of Graphical 
Information 


the principle of the operation of photochemical and 
electrochemical devices is based on the fact that under the 
action of an electrical pulse or light beam in the emulsion a 
chemical reaction occurs. Photochemical and electrochemical 
UVGI most frequently are dynamic indicators of the projector 
type. 

the prefector-tysce dynamic indicatcrs are devices which 
provide reproduction on the screen of a constantly renewable 
image. 


Tne projection methods cf indication have a high resolving 
fower a3 a result of the use of an intermediate film data carrier 
and of a orighter image on the screen because of the capacity of 
such film carriers to nass intense lumtrrur fluxes. 
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In this case films of different types, from the ordinary 
photographic films operating on transllumination to films 
reflecting light beams, are used. 


Devices with the us: of the photochromic method of the 
derivation of graphical information on glass dispositives are 
most interesting. The image is stored on & special covering 
of photochromic material with a thickness of about 0.04 nim, in 
which under the action of a ultraviolet ray a chemical reaction 
occurs. 


The covering is a molecular disperse system of photosensitive 
dyes with reversible reaction in the continuous (nongranular) 
material of the covering. 


As the separate molecules under the action of the light beam 
pass over from the transparent to the planted (opaque) state, on 
the plate there appears a projected image. Since the 
transparancy of the layer changes at the molecular level, the 
resolution of the material is very high (more than 1000 lines mm). 
By means of the photochromic covering it is possible to obtain 
images with extremely various hues. 


The photochromic material in a normal state carries out 
the visible beams well, remaining in this case transparent. All 
materials of this type pass over to the painted state with the 
passage of light close to ultraviolet through them. The rapid 
return to the transparent state can be realized either by means 
of heating or by means of illumination by green light. 


Furthermore, in the course of time the transparency of the 
covering increases. In connection with this the observer 
sees a gradually disappearing trace on the screen. In different 
photochromic materials the transit time from the cpaque state to 
the transparent fluctuates from fractions of seconds to an hour. 


282 





be en a EAR HR tee ARLE NARI te ae as oe, oatet 


In this case according to the darker margin of the trace the 
direction of motion of the bobject is determined, and the length 
of the trace corresponds to its relative speed. 


AS the light sources for the extraction of the image and 
characters mercury and xenon tubes are usually used. The image 
can be recorded on photochromic material and, furthermore, be 
projected from a slide on a screen. Trajectories of the trace 
(courses of the motion of objects) are traced in the real time 
scale by means of movement of the "writing" ienses along the X and 
Y axes. Each lens focuses an ultraviolet bean on the surface of 
the photochromic material. It is possible to project several 
traces on the screen. 


Multicolored traces and characters can be obtained by two 
means: either dy using natural colors of photochromic materials 
or using the mixture of colors. Alphanumeric and other 
characters can be formed on a photochromic plate by means of 
masks, i.e., with the formation of the figure light beam up to 
its input into the collimation lens in the writing device. 
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The operating principle of projector display units is 
explained in the example of equipment manufactured by the firm 
NCR (USA) for the military department (Fig. 8.17). 


This system makes it possible to obtain colored images with 
high resolution on a screen. For the recording of tracks and 
signs one light source is usually used. This source is used tor 
the illumination of the background grid. The ri tording can be 
either semicontinuous (record and storage with photochromic 
substance) or changeable (projection through a photochromic 
plate on the screen of indicators or background grids). The 
tracks of the motion in the real time scale are recorded by means 
of the transfer of two recording lenses. The lens projects a beam 
of intense light rays on the photochromic surface. On the plate 
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the information which 1s simultaneously projected on a large 
screen is recorded. Because of the presence of two recording 
lenges and photochromic plates of green and red color, the 
information can be reproduced on the screen in two colors - 
green and red. The scattered light dJeam passing through the 
background grid does not affect the photochromi: plates. 


Above only one of the methods of dv~gric indication was 
shown. In automated control systems otner moty different 
methods both in operating principles and in technical fulfiiment 
exist and are used. However, they all are united by one general 
idea - to obtain a graphic representation of information as far 
as possible in the reai time scale at dimensions of the screens, 
which allow using this information not for one ‘spera:or but 
simultaneously for a large group of those persons who achieve 
control. Therefore, in many automated control systems the 
necessary element is the equipment of a large sc:-een. 


The dimension of the screen depends on the technical 
specifications of the equipment and on the methods which are 
used for obtaining the image. In any case the dimension of the 
screen is determined basically by the brightness and contrast 
of the image obtained on it. 


Almost all the methods existing abroad of display on a large | 
screen use the method of the direct projection on a large screen 
of the image obtained on the electronic indicator. 


In one of the previous methods was applied the projection 
directly from the cathode- ray tube screen with dark recording 
(dark-trace tube). However, this system had considerable short- 
comings: little contrast at low repetition frequencies, con- 
Siderable time for the ob.uiteration of the recorded image and 
high complexity of the obtaining of an image on a large screen 
with dimensions of more than 1 m*, 
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The photoprojection method has become widespread. It con- 
sists of high-speed. photography which, accelerated Jevelopment 
and immediate projection on @ large screen. The entire equipment 
consists of a camera, equipment for the rapid processing of 
the motion-picture film and the projection of the processed ~ 
photograph. 


The advantages of the method are the absence of intermediate 
cathode-ray tube and the possibility of obtaining a clear, ‘ 
bright and high-contrast image on a large (up to 4 m in diameter) 
screen of constant brightness. The time lag in the transmission 
of image is the main disadvantage of the method. The time lag 
of the lmage on a large screen is determined Lasically by the 
time spent on the processing of the photograph. 


Such equipment is developed by the firm Canon Instrument (USA). 

The device 'Repromatik Recorder" makes it possible to reproduce 
photograph: : from the Ch:ractron on a large screen 2 seconds after 
exposure. All the proc-sses in the equipment (photography, 
p.ocessing of film and srojection) oceur continuously and are 
controlled ty a speciai synchronizing device. The consumption 

of the film with ‘she exchange of the fram> ufter 5 seconds for 
24 hours of continucus operation consists of « total of 415 m 
(17,280 frames). The important advantage of the equipment is 
the possibility of preserving the photographed images as a 
financial document. 


Great possibilities for obtaining a picture of tne situation 
on a large screen are given by the television method. The image 
from the screen of the Charactron in this case can be photographed 
by the transmitting television camera the videosignals frer 
which should enter into the television picture tube, which is 
simultaneously a projector. By means of a special projector the 
image is transmitted to a large screen. The picture quality on 
& large screen will depend basically on the technical 
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characteristics of teletron. At the height of the sign on the 
Screen of the Charactron of 3 mm, for its Clear reproduction 
about 10 Scanning lines are necessary. If the diameter of the 
Charactron, for example, is 48 cm, then for the qualitative 
reproduction of the Situation from it a television System with 

& definition of about 1600 lines is necessary. The obtaining of 
Such a high definition is associated with definite difficulties; 


however, according to data of the foreign press, such systems 
are created and used in the Sage system, 


For the display of information of a screen with a dimension 
of 2.4 x 2.4 m, the System SC-2000 is épplied, in which the 
method of xerographic recording is used. In this System (Pig. 8.18) 
the image from the screen cof the Charactron 1s projected on 
& selenium plate pre-charged by static electricity. 


The optical 
image, in striking on the plate, 


Gischarges it on the illuminated 


Sectors. As a result there is created electrostatic relief, 


development, whose length does 

» On the plate there appears a distinct image, 
which then is projected on the Screen. The complete cycle of 
information processing is 2.5 Seconds, 


not exceed one second 


In certain cases for the representation of a Situation of a 


large Sereen, display Systems using the method of 
of information of thermoplastic film are used. 
of a high-melting base covered with 


the recording 
The film consists 


a transparent conductor and 
a thin layer of low-melting thermoplastic Superimposed in the 


Surface of the conductor. The image is recorded by the electron 
beam on the Surface of the thermoplastic film in accordance with 
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Fig. 8.18, Diagrammatic representation of dis- 
Play system SC-2000. 


the incoming information. On the fiim with respect to the image, 
i.e., to the charges ,. the charge pattern is formed. After the 
heating of the film up to the melting point of the thermoplastic 
and the subsequent cooling, on the film a pattern is formed 
which by means of a special optical system is projected on the 
screen in the form of an image. This method also makes it 
possible to obtain a colored image. 


The recorded information is erased by the neutralization 
of charges on the film, after which the film is Suitable for 
repeated use. 


The system of display which uses the method of thermoplastic 


recording is very promising. Characteristic of the System are 
the high density of recording, high resolution, the possibility 
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"Equipment “ef. the aisplay eth the ree cording: of inforsstion 
on. thermoplastic flim is used ‘tn the aie defense system ALL: (Ca) a 


where a large soreen with. a: ainension of: 2 x3 gy is pe 


8.6. Basic Beek nh fin the. * 


‘System of the Graphic ouepiay of 


Information 


. Devices of the graphic Baa eiees: of information gre an pUeerat 
part of the automated ecntrel system. 


A picck diagram of the scandard system of the display of 
infer ction is represented on Fig..¢.19. The basic elements of 
any contemporary system of the display of information are: the 
huma: operator, the device of the inpvt of information by the 
operator into the computer, the eomputer and the information 
display system. In order to connect the enumerated elements 
into a single complex, it is ne: essary that ali of the: operate 
within limits of the psychophysiological cepabilities of ‘the 
human operator. In other werds, the cutput data which come 
from the systen must suffietently Simmly and accurately 
answer the question which tnterest the operator, since not 
having cbtatned an answer or not having lnown now te in tine 
perceive the information, the operator is not able tc receive 
the correct solution. In connection with this, the system of 
the display of information have a number of requirements, 
the basic of which are the following: . 


~ high quality cf visual percepticn of the information; 
- optimal dimensions of the screen; 


- absence of noticeable flickering of the image; 
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- optimum illumination of the screen; 
- possibility of fast extraction of the necessary data by 
the operator; . 


Sel etna meet cattmenl “ana 


ara 


= optimum cycle of the admission and display of data on the 
sereen; . 


- presence of feedback of the human operator with the 
display system, 









Device for 
information 
display 


Fig. 8.19. Block diagram of the standard system of the 
i display of information. 


Let us examine these requirements in more detail. 


To a considerable degree the quality cof the visually received 
inforaation is determined by the resolution of the display unit. 
Understood by resolution usually is the degree of discernability 
of separate parts of the image reproducible on the screen. It 
is desirable to have such a display unit the resolution of which 
would correspond to capabilities of the operator's eye. Thus, 
with normal room illumination the parallel blaec«< lines divided 
by the intervals equal to the width of line are distinguished 
if the angular dimension of the dividing lire lies within 
limits of 1-1.5'. Thus, the operator's eye can observe 
separately up to 50 optical lines (100 television lines) per 1°. 
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Without changing the direction of view, the operator can see a 
two-dimensional image the anguiar dimension of which is 50°. This 
makes it possible to distinguish on the indicator up to 2500 optical 
lines. In this case it is necessary to keep in mind that the 
resolution is changed depending on the contrast and image 
brightness, the presence of noise the mixing interaction of the 
auxiliary image, the time of the exposure of the image, and the 
surrounding situation. 


In speaking about the dimensions of the screens, it is 
necessary to remember that an increase in the screen does not 
always lead to an improvement in the operating conditions. Thus, 
for instance, in system where there are used large indicators of 
collective use the work of the operator is made difficult. 
Several operators work behind one screen in such systems. Each 
operator, in solving his problem, selects on the screen only 
information of interest to him. In this case the data which 
are of interest for only one operator prevent the work of other 
operators, impeding their selection of the necessary information. 


The flickering of the image leads to the premature fatigue 
of the operators. This harmfu} phenomenon is iiluminated by red 
reducing the frequency of the exchange of frames of the image 
up to 26-40 per second. 


The selection of illumination of the screen cf the display 
unit is a rather complex problem. With great illumination of 
the screen the operator distinguishes poorly the elements of 
the reproducible image. In this case the working condit:ons of 
the operator detertorate in connection with a cecrease in the 
contrast. External illumination creates one edditional difficulty. 
Being reflected from the surface of the screen, light from 
external sources can sharply lower the image contrast. 








A very important requirement given to the system of the dis- 
play is the capability of rapid distinguishing by operator of 
the necessary data with the least amount of action and 
computations. 


In developing systems of the display of information, it is 
necessary tu lead, in accordance with the caerrying capacity of 
the human operator, the quantity of obtained information to 
the storage ana processing of data. On the average the limit of 
the retention of information in the immediate-access memory of 
nan does not exceed 3 seconds. After a somewhat long time the 
probability of the retention of information in the memory of 
man sharply drops, especially in such a case when after other 
messages have entered (after 18 seconds the probability of the 
memorization of even of simple and familiar information will be 
only 10%). Therefore, one of the basic requirements for display 
systems is the limitation of the cycle of the admission and 
disp:ay of data by a time not exceeding 3 seconds. 


The assurance of the operator in ‘the weliable operation of 
the display system is cone of the important factors. Such an 
assurance can be provided by means of the introduction of feed- 
back into the system, which is especially necessary when the 
entering message is quite large. 
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CHAPTER 9 


DEVELOPMENT OF THE SOLUTION FOR COMBAT 
OPERATIONS OF ACTIVE MEANS 


9.1. Basic Problems Solved by Computers 
in the Control of Air Defense Weapcns 


The outcome of combat operations under cortemporary conditions 
in many respects is determined by the flexibility and operational 
efficiency of the system of control of the forces. Combat 
operations of air defense weapons are so transient that the leader 
is not able in proper time to react to changes in the situation 
and make the correct decisions. At the present time the problem 
of th2 delivery of the optimum solution is placed on the computer, 
which implements that algorithm which was previously developed 
and "placed" into the computer, 


Fo: vhe automation of the solution of problems which appear 
during ‘1e planning and preparation of combat operations, their 
formalization is necessary, i.e., such a special (mathematical 
and logical) formulation of operative problems which makes it 
possible to create algorithms for the cperation of computer and, 
therefore, makes their use possible. During the creation of 
the algorithms of combat operations, in a number of cases it is 
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important to formulate correctly the “logic of battle" and develop 
criteria of the effectiveness of the problem being solved. Such 
algorithms are created usually by the combined efforts of the 
“officer-tacticians, mathematicZans and programming engineers. 


The basic problems being solved on the computer of the 
automated control systems are: 


~ the processing of incoming information and the solution 
of the information and logic problems and the coding and the 
devoding of information; 


- the evaluation of the effectiveness of the armament 
utilized and the selection of the most effective combat means 
under specific conditions; 


- the solution of the problem of target assignment, i.e., 
the rational application of active means (interceptors, guided 
missiles, etc.) at targets; 


~- the development of calculation data necessary to the leader 
for making a decision; 


- the data processing connected with logistic support, 
storage, account and distributicn of materials; 


- calculations connected with combat training, and so on. 


Because of the close connection of mathematical methods of 
the invesiigation of combat operations with computer technology, 
the latter acquires an ever increasing value. One should, however, 
consider that not any, even the most perfected, computer is capable 
of completely replacing man, to whom the creative and intellectual 
qualities and the latitude of the envelopment cf the phenomena 
are characteristic. Let us emphasize that most frequently 
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the computers which operate in forees produce not the solution 
but only the principle, which helps the leader (commander) to 
make the correct decision. In other eases the computer only 
implements that decision which was prepared by leader for an 
analogeus case previously in a calmer situation, It is necessary 
to bear in mind that any mathematical formulation of combat 
operations is only a scheme, and it does not reflect the true 
relationship of the opposing sides. There are many factors 
(political, moral, etc.) which at the present time cannot be 
described mathematically but wnicn can substantially affect the: = 
course and outcome of the combat operations. 


In connection with this the leader should not “follow” 
blindly behind the computer, He takes the final solution on the 
basis of the comprehensive examination of the situation and 
analysis of quantitative and qualitative criteria, taking inte 
account factors not yielding to mathematical evaluation. Th, 
the creative process of making a decision Yor carrying out concat 
operations was and remains that of man. 


The use of computational and data processing computers 
frees the staff workers and leader of the need ta store in the 
memory an enormous quantity of secondary information. Tne 
possibility of creating an effective control system, the saving 
of time in the solution to problems connected with the planning © 
and conducting of combat operations, the high aecuracy and 
reliability of the solution of problems, the automatic account 
of the rapidly changing factors, the freeing of people from 
the tedious work, etc,, are some of the advantages which use of 
the computer gives for the solution of prcblems of the control 
of air defense combat operations, 
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9.2. Basic Principles of Target Assignment 


Target assignment is called the operation ccnsisting in the 
assignment of. a definite target to the selected fire means. If. 
there are several targets which must be subjected to fire inter- 
ference, when in the solution of the target-aesignment problem 
it should be accurately snown which means (antiaircraft guided 
missiles, fighters or antiaircraft guns) should be used, in what 
quantity, and wis’... should they be directed to each of the targets 
subjected to bomba:ament. 


Under conditions of the repulsing of great air raid, the 
combat situatior. can be so complex, ane the number of possible 
versions of target assignment so great that making a decision 
without special estimates proves to be impossible. In order 
that the target-assignment problem could be transmitted by the 
computer, the algorithm of the solution of this problem (algorithm 
of target assignment) should be created. 


The problem or target assignment in full vclume is very 
complex and requires an acount of many factors, such as, for 
example: 


- the deployment of distributed weapons and their combat 
readiness; 


- the transmission capacity of the guidance charnels and 
communication channels; 


+ the depth of the zone scanned by radar sets; 


- the possibility of the use by the attecking side of a 
maneuver, interference, etc. 


All these circumstances should in one way or another be 
considered during the composition of the algorithm of target 
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assignment, which is preliminarily pleyed on a number of the 
models of battle in order to select the most adequate one. As 
usually occurs in the solution to complex problems of operational 
research, here it is not pogsible to be limited to an evaluation 
according to one criterton (index) of effectiveness, but one 
should search for a compromise solution which 1s satisfactory 
according to a whole sexies c? criteria. 


Implied under the effectiveuess of the algorithm is the 
degree of its adaptation ‘to the fulfillment of the problems 
placed before it. The better the algorithm is formed, the more 
effective it is. 


However, in order to judge the effectiveness of the algorithm 
of target assignment, it is necessary to have a certain numerical 
criterion, which can be calied the iniex of effectiveness. 


Usea as an index of effectiveness M is usually either a 
probavility of any event or mean value (mathematical expectation) 
of a certain random value. For example, the indexes of effective- 
ness can be the destruction probability of a targst, the middle 
area of destruction on a certain object, and so on. 


The specific form of the index of effectiveness is selected 
depending on the problem being solved. By examining diffevent 
problems from the viewpoint of their purposeful directivity, 
it is possible to note two limiting cases, in the first case 
the operation is fulfilled for the purpose of the achievement 
of a completely definite result (it is necessary to hit one 
aircraft or all aircraft in the attacking group, etc.). This 
result can or cannot be achieved, and no intermediate results 
are examined. In other words, the success of the operation can 
be evaluated according to the scheme "yes"="no" ("al1l" or 
"nothing")., 
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In such case the natural index is the probability of the 
achievement of the desired result or the probability of the 
fulfillment of the combat missfon, 


If we designate the event which consists in the fact that 
tne combat mission is fulfilled by y, then the index of effective- 
ress M = P(y) is & probability of the event. 


In the second case the mission of the operation is the 
applying to the enemy of the maximal possible damage ("the more, 
the better"). In such cases the natural index of effectiveness 


will be the mean value (or Mathematical exception) of the damag«: 
applied tc the enemy: 


Mf= m([Y), (S.1) 


where the random variable Y is the damage caused; m is the index 
of mathematical expectation, 


Depending on the targets and form of operations, the value 


Y can have one or another sense (area, volume, time, number of 
destroyed targets, etc.) and 


» correspendingly, can be expressed 
in those or different units. 


Frequently as an index effectivenesses we take not simply 
the average damage but the average relative damage (for example, 
the average portion of the destroyed targets in the composition 
of group or the average portion of the destroyed area). 


As an illustration let us examine two examples of the 
selection of the index of effectiveness. 


1. A grouping of the antiaircraft guidea missiles which 
defends a zone (let us Say near the border) conducts fire on 
a group of attacking bombers. The mission of the antiaircraft 


guided missile [SAM] (3YP) is to knock as large a number of the 
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opponent's aircraft as possible, The index of effectiveness in 
this case is the average number of destroyed aircraft or the 
average portion of destroyed aircraft in the composition of the 
raid. i 


2. The grouping of the antiaircraft guided missiles, which 
defends one object, conducts fire on a group of aircraft attempting 
to break through to the cbject. Each of the aircraft can be the 
carrier of a powerful weapon of destruction, and therefore the 
penetration of at least one aircraft is practically equivalent 
to the obliteration of the object. The aefense's mission is not 
to let one of the opponent's aircraft penetrate. Here the index 
of effectiveness is the probability that not one aircraft will 
penetrate to the object. 


In these examples the index of effectiveness should be 
greatest. In general this is not compulsory. It is possible 
to use such indexes which, ' the contrary, it is desirable to 
have smallest. Thus, it is pussible to take as an index of 
effectiveness the minimum of the damage which the opponent's 
aircraft can inflict. 


Since the final result of combat operations of the air defense 
system is considered as the obliteration of the air attack weapons 
or the rondestruction of the defended objects, as an index of 
effectiveness it is advantageous to take either the maximum of 
the mathematical expectation of opponent's destroyed aircraft 
or the minimum of the mathematical expectation of the damage. 
Moreover, depending on the missions fulfilled by the air defense 
System one or another criterion can be applied. For the small 
units whose basic mission is the obliteration of the air attack 
weapons of the enemy the first cricerion is more acceptable; 
for small units which cefend a specific object the second 
criterion is. 
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- To understand the principles of the target assignment, it is 
useful to examine several of the sim ast schematized problems 
or target-assignment which explain  - ~shods of the decision 
making and show what advantage in -. -iveness is given by 
the correct solution to problem. 


Let us assume that before the grouping of antiaircraft 
missiles which armed with n complexes of SAM there is the 
proojem of the obliteration of the dispersed group consisting of 
N targets. Let us assume, for simplicity, that each complex of 
the SMA can launch only one missile at any target in the group. 
The destruction prebability by the i-th complex of the j-th 


target is assigned equal to Page Values of Pay are recorded 
in Table 9.1. 


Table 9,1. 





It is necessary to find the optimum (best) target assignment, 
having assigned to each complex of the SAM a definite target 
which the latter must Gestroy (it 15 possible that the same 
target will be fired at by several complexes). 


The stated problem 1s calied the target-assignment mission 


n*N. For its solution let us first select the index of 
effectiveness, 
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If the grouping of the SAM is intended for the obliteration 
of the air attack weapons of the enemy, ther as an index of 
effectiveness let us take the maximum of the mathematical 
exception cf the destroyed aircraft: 


My = m{X,). 


where the random variaole x, is the total number of destroyed 
targets . 


Let us represent the total number of destroyed targets 
x, in the form of the sum of N random variables: 
lay 


ASSO these tea i Be 


Each i-th target corresponds to its random value « defined as: 


X, = 1, if the target is hit; 
X, = 0, If the target is not hit. 


It is not difficult to ascertain that the total number of 
destroyed targets Xx. is equal to the sum all values Xy- According 
to the theorem of the addition of the mathematical expectations 

to ¥ 
dT ed Od Se miXj}. (9,2) 
. fl 

Let us designate by P, the destruction probability of the 

i-cth target as a result of the borbardment of it by missiles 


of the complex. Then by definition of the mathematical 
expecta’ ‘on 
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Substituting into (9.2), we obtain 
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l.e., tae average number of targets hit in the composition of 
the group is equal to the sum of the destruction probabilities 
of all the separate targets. 


Thus, with the target assignment according to mathematical 
expectation it is necessary to distribute complexes on the targets 
in order that the sum of the destruction probabilities reach a 
maximum. The simplest method of the solution of the indicated 
problem consists in the sorting of all possible variants of the 
distribution cf complexes on targets and in the selection of 
those for which the sum of the probabilities reaches a maximum. 


The approximate target-assignment problem of two aircraft 
by two antiaircarft missile complexes (the soecaliled 2 x 2 problem) 
is represented in the form cf Table 9.2. 


Table 9.2, 
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Py =0,7 | P,,= 90,1 


KEY; (1) Number i of 
the complex; (2) Number 
j of the target. 
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_ Convinced of the fact that this is 


so. fhe values cf destruction probability by complexes of SAM 
2 poe targets are re conditionally in the table as an ‘ian 


At Sirst glance ‘it can ‘be shown that the best vartant of | 
target assijgrvanent consists in the assignment of the first 

| target to the first complex (Pa = G.&) and the second Sarget 

to the second complex (P55 = 6.1). However, it is easy to be 


ene having sorted cut 
ther possible variants (a tetal of 4 + of them). 


Let us write each variant in the form cf a column (Tab e 9.3%, 
waere 1 is the number vf the complex, and J 
the target. 


is the number of 


Tatle 9.3. 





KEY: (1) Variant, 


Let us determine for each of the variants the mathemati-al 
expectation KM of the number of targets hit. 


In the first variant both complexes fire at the firs: target: 
the probability of its destruction is Rede Py (1 = P,)). 
Substituting here values of the destruction Probabilities 
of the first target by each of the compiexes (Table 


9.2), we will 
obtain Pr = 1- (2 - 0.8)(1 ~ 0.7) = 0,94, 
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Since firing is not conducted at the second target, the 
probability of its destruction is PS = 0. 
-, Hence *. 


aa gree 
For the second erie 
AM, = P+ PL O80) = OS. 
For the third variant 
3. 12472 1 — 1 — 061 — 01) = O64 
For the fourth variant 
abe Pert = 06407 aid 


Thus, the fourth variant is the optimum, i.e., it is 
necessary to direct the first complex to the second target 
and the second complex to the first target. 


Naturally, under actual conditions of the conducting of 
combat operations, the quantity of air attack weapons of the 
enemy and, correspondingly, the number of antiaircraft missile 
complexes can be considerably greater and be changed within 
sufficiently wide limits. Then the simple sorting ef all 
possible variants becomes complex even for the computer. There 
appears the t.zed for the soluticn of the target-assignment 
problem withcut the sorting cf all variants. The most optimum 
methods which make it possible to solve the targeteassignment 
problem by such means are methods of linear programming. 
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a 9.3. Optimization of the Index of Effectiveness 
i by Meats of Methods of Linear Programming 





Linear programming is the mathematical method making 
es it possible to find the most advantageous formalized solutions 
not only of the target-assignment problem but also a number 
of other tactical and operative problems. For example, for the 
: antiaircraft defense of several objects, it is possible to find 
the most. advantageous distribution of combat means, ammunition, 
critical sectors, etc. , 


i | For thig purpose one of the values (let us assume the number 
of hits by the SAM into the enemy's aircraft) is expressed in 
the form of a linear function of the number of variables whose - 
distribution is determined. The indicated function can be 
expressed in the following form: 
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M=C,X, + CX. +...4+ CoXn | (9.3) 


ere ES 
f 


where M is the final resuit of the distribution of resources 
(fighter aircraft, SAM, etc.); Xi» Xno sees x - the vartatles 

on that or a different value of which the result of the distribu- 
tion depends; Ci» Cos isto Ch - the parameters whicn determine 
the utilization factor of the variables being investigated in 
this or a different method. 





SERPENTS CE 


For the solution of equation (%.3), reduction to the maximum 
or minimum of value M, it is necessary to compose and solve in 
conjunction with equation (9.3) a number of linear equations 
or the inequalities which describe the limitations which are 
imposed by those or different conditions of tne solution of 
problem, depending on the situation. 


These limiting inequalities or equations usually take the 
following forn: 








A,X, + AgXet --- + AXe bs 
AX st AnXe + 0+ Aphe > 85 (9.4) 
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in this case X, > 0, X, > 0, seoey x2 0. 


1 


Values X,, X5,-+-+, X, have in expression (9.4) the same 
value as in expression (9.3). Values A,, and b, are tne 
coefficients determined from conditions of the solution of the 
problem. 


Let us examine the possibiiity cf solving the target~assignment 
problem by methods of linear programming in the example of the 
following tactical situation. There are two objects I and II 
defended twc antiaircraft complexes No. 1 and No. 2. The objects 
are raided by two of the enemy's aircraft (targets 1 and 2) with 
the different striking capabilities. 


If the first target penetrates to object I, then it will 
inflict damage of six arbitrary units, and if to object II - then 
four conditional units. ‘The possibilities for target 2 is two 
times less, i.e., are correspondingly equal to three and two 
conditional units. 


If any target bracketed by complex No. 1 attacks object 1, 
then it is destroyed with the probability Pi = 1. If this 
aircraft strikes object II, then due to an increase in the firing 
distance it will be destroyed with the probability P, * O25. 

In this case it is assumed that the complex of the SAM does not 
manage to fire at another aircraft. The situaticr is similar 
also with complex No. 2. Thus, each complex can simultaneously 
fire at only one target. 
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te is necessary to determine how advantageous it is to use 
“the scmplexes for firing at the targets in order that. the damage 
“2 inflicted by the enemy would be minimum. 





| = For the one who is being defended there are four ee 
; _  methcds (rules) of the use of complexes -alled strategies: 


‘ ~ tracket by complex No. 1 (ana encore) target 1, and by 
~ i _ complex No. 2 « target 2; 


~ bracket target 2 by the complex No, 1, and by complex No. 2 « 
target 1; 


~- bracket target 1 py both complexes; 
~ bracket target 2 by both complexes. 
For the one who is attacking there are also four strategies: 


~ target 1 strikes object I, target 2 strikes object II; 


> 


target 1 strikes object fI, target 2 strikes object I; 


both targets strike object I; 


both targets strike object II. 


Let us designate by Xa and Yay respectively, the unknown 
Strategies of the enemy and the defender, where 


x 1, if the i-th aircraft attacks the jeth object; 
iJ 0 + in the opposite case; 
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1, if the k-th complex bracket the Z-th target; 
| Yat * Jo = in the opposite case, 
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Let us eraduce calculation of the mathematical ‘expectation. 
of the inflicted Gamage according tc formula ‘known in. the sales 
of games [25]: 


Coe = ON 0 2 OY 5 + Ven) + ONY Vn 02a) 
© AN 02% at Vad +tala (Yu + 02%). i se 5). 
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For erates for the first strategy of the defender and 
second strategy of the attacker we have: 


Xi =O, Yay t Xl, Kye k 
Y,, = 1; Yu. = 15 Y,=Q Y., = Q 


and on the basis of formula (9.5) we obtain C,, = 0.6 + 0.8 = 1,4, 
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If we sort out aii the possible combinations of strategies 
of the opponent and defender, then the value of mathematical 
expectation of the damage inflicted by the opponent for each 
such combination can be presented in the form of a table called 
the matrix of damages. 


The matrix of damages calculated from formula (9.5) is given 
in Table 9.4. 


Table 9.4. 





Number of 
opponent 's 1 0 16 20 60 
strategy 2 14 Qo 39 40 
3 06 12 39 60 
4 08 on. 20 | 49 
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Let us note that strategies 3 and 4 of the defender with 
any method of actions of the attacker for it are less advantageous 
than strategies 1 and 2, and therefore (columns 3 and 4 of 
Table 9.4) they can be excluded from examination. 


In the terminology of the theory of games the target- i 
assignment problem being solved is called a rectangular or 
matrix game. It consists of the following. 


The first player selects a certain positive integer number 
m(1 < m < M), and the second player, witnout knowing about 
what selection the first made, selects ea certain number 
n(l<n<N). | 


Then these two numbers are compared, and one of the players 
(for example, the first) pays another sum A, n» Which depends 
on the selections made and is determined by So avee of the game. 
The set of numbers An yn forms a rectangular table called the 
payoff matrix. If the second player makes a selection, by 
knowing the selection of the first, then such a game is called 
the simplest positional game, 


The selection of a definite number by a participant of the 
game is called pure strategy of the player. The theory of games 
indicates the method of the conducting of games of this type. 
The first player should select the strategy m with a certain 
probability P, (im = 1, 2, 3, ..«., M), whereupon Pi, + Py + oo. + 
+ Py = 1. The set of these probabilities is designated by 
vector M = (P,- Poy sees Py) and is called the mixed strategy 
of the first player. 


Analogously the second player selects the strategy n with 
probability P.(n 21, 2, ..., N). The corresponding vector is 


designated N = Pis Pos other Pye 
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In this case the mathematical expectation of the payment 
s e cs 
Af(m, a) = b 2 Aaaf aP x 

an 


Value Pa is selectod in such a way that each of the conceiv- 
able mixed strategies of the first player am is contrasted to the 
most advisable (with regspect to it) mixed strategy of the second 
player, giving to him the payoff M, (m) = max M,(m, n), and then 
the first pluyer is stopped on the mixed strategy, minimizing 
function M (m). As a result of such an approach to the selection 
of mixed strategy the first player's payment is 


M, = min M (m) = min maxM (m, a) = min maxM (m, &). 
a a a 
Value n is selected by the second player accords:. to 


analogous considerations, and his payoff in this case is M 
= max min M(m, n). 


2 BS 


It is mathematically proved that values M, and M., coincide. 
vurthernore, if one of the sides is held by the ical mixed 
strategy selected by it, and the other deviates from it, then 
from this the deviating side can only lose, but in no case does 
it increase its payoff. 


In approaching to the solrtion of the rectangular game, by 
the assigned matrix of damages “or the defender iet us check 
whether or not it is possible to obtain the solution to the game 
in pure strategies. By applying the first pure strategy, the 
defender can sustain a damage of 1.4 arbitrary units; by applying 
the second strategy, the defengaer carn sustain a “amage of 1.6 
arbitrary units. 


Thus, 


A= min (maxa, a) = min (1,4; 1,6) = 1,4. 
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By conducting analogous ‘ealculations for the rival, we obtain 
M,= max(mind,,,) = max (0; 0; Of; 04) 06. 


The noncoincidence of values M and M, indicates the fact 
that the solution of game should be sought in mixed etrategies. 
For finding solutions of rectangular games there are many methods, 
Let us solve the target-assignment problem by means of the 
analytical method, having reduced it to the problem of linear 
programming. 


Let us designate the unknown probabilities of the use of 
strategies by the defender by Pi and Po: The thus far unknown 
greatest damage inflicted by the opponent is designated by M. 


If we assume that the attacking side, having deviated from 
the optimum mixed strategy, will apply its first strategy, then 
on the average it will inflict on the defended objects the 
damage C,,P, 4 C,,;P5 = OP, + 1.6 Po : 1.6 P5, which cannot be 
more than the maximum damage M inflicted by the opporent when 
using the optimum mixed strategy, i.e., 


1,6P,< At. (9.6) 


Similarly, for the second, third and fourth pure strategies 
of the attacking side: 


14P, <M; (9.7) 

O€P, + 1,2P,<Q M4 (9.8) 

OSP, +04P,< A (9.9) 

In this case it is evident that P,+-P,-1. (9,10) 
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Let us divide inequalities (9.6)=-(9.9) and also equality 
(9.10) by M, and let us introduce the new notations: 


weld Yoen'é 


xo ads bak . (9.31) 
Yhen the total value of the expected damage 
La X,+% (9.12) 
in this cae x) and X, should satisfy the following Sonattione’ 


14X%,<4 

16X¥,<1; - 
O6X, + 12%,<k: 67-23) 
O8X,+04X,< 1, 


which correspond to requirements of strategies of the defender 
and attacker. 


in order to convert the system of inequalities (9.13) into 
an equality in accordance with requirements for conditions of 
linear programming, it is possibie to introduce additional values 
X3. Xys Xs, and X¢ (frequencies of the seiection of strategies 
not being utilized by the attacker and cefender but also not 
affecting the value of the expected damaye) and rewrite conditions 
(9.13) in the following form: 


14X, + x, = ts 

1,6X3+ X=; 
0,6X, + 1,2X, + X, =; (9.14) 
O8X, + 04X, + X, =i. 


By selecting the probabilities (frequencies) Py and P., and 
the values X) and X, connected with them, the defender attempts 
to make the magnitude of the expected damage M as less as possible, 
and, consequently, value L as large as possible. 


sig 





By solving by means of. methods of linear programming the 
problem on the maximization of value L with the obtained 
limitations, it is possible to obtain such frequencies of the 

- selection of strategies by the defender which aliow it to reduce 
' the expected damage to a minimun. P 
The basic. method of the solution of such problems is the 
| so-called simplex method (the method of sequential improvement 
in the plan). The solution to the problem by means of the simplex 
method is divided into two stages. In the first stage we find any 
(even if very unsuccessful) solution patisfying the sets of lineer 
limitations, or we are convinced of the fact that such a solution 
does not exist. This stage is called searching for the initial 
plan. In the second stage the sequential improvement of the 
initial plan is conducted according to cefinite rules until further 
improvement becomes impossible. Let us agree to call the variables 
which enter into the plan the basic and the variables not entering 
into the plar nonbasic. ~ 


Computations are carried out from the following algorithm: 





a) such an initial plan is sought in order that the basic 
variables would be expressed as nonbasic variables; 


b) the value of the function L being minimized is expressed 
in terms of nonbasic variables; 


c) selected is the one of the nonbasic variables the 
introduction of which into plan is capable of improving value L; 
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dad} determined is which of the basic variables should be 
excluded from the plan and made nonbasic; 


a8 
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e) the variable newly introduced into plan is expressed as the 
variable derived from the plan and other nonbasic variables; 


f) all the remaining bzsic variables and the values of the 
winimized function L are expressed as new nonbasic variables; 


g) operations of items b-f are repeated. 


If at any stage it appears that the introduction into the plan 
of any of the nonbasic variables is not capable to decrease 
(increase) the value M, then the latter plan proves to be the 
best, and the value L corresponding to it smallest (largest). 


It is proved that if we follow this algorithm, then through 
the final and usually small number of steps the solution to the 
problem is reduced to the optimum plan. 


For an understanding of the content of the simplex method, 
let us examine in more detail the solution of the target-assignment 
problem fo.mulated above which is necessary for obtaining the 
least possible damage. 


In the problem it was necessary to maximize expression 
(9.12) with limitations (9.13). In accordance with the planned 
algorithm let us find the initial plan. It is necessary to note ‘ 
that in general the finding of the initial plan is no less 
difficult a problem than the problem of its improvement. 


Let us solve system (9.13) relative to the newly introduced 
variables: 


Sew (9.15) 
Xa 1 — LAX ° (9.16) 
Xe 1 —0,6%, — 1.2% (9.17) 


Xe 1 08%, — 0.4% y- (9 . 18) 
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_ As the basic variables let us take X,, X,, X, and X, and as 
nonbasic variables ° X) ana Xo In accordance with item b of the 
algorithm let us express function L by nonbusic variables. 


Substituting x, s X, = 0 into expressions (9.15-9.18), we 
obatin | | 
X 2X aXw%ak 
Lut 


Let us discuss the variable X, ‘determined from expression 


(9.107: Xye le 1.4X,. It indicates that with the introduction 


of value X, into the plan, the variable X, should be excluded 
from the plan and made a new nonbasic variable. 


In accordance with item e and using expression (9.16), we 
obtain 1 - 1.4X, = 0, whence 


X= O74 (9.19) 


Substituting (9.19) into (9.17) and (9.18), we have 
X, = 0,572, Xo = 0.428, 


From expression (9.15) the value X3 = l'is determined. 


The obtained plan appears in the following manner: 
X, a Xy = Q; Xx) = 0.714; X, = 1; Xe = 0.572, X¢ = 0.428, and 
in accordance with (9.12) L = 0.714, 


In continuing in a similar way, let us introduce variable 
Xo into the plan. Having made X, a new basic variable and having 
recorded the fact of an increase in value L with the introduction 
into the plan for the variable Xo» let us exclude one of the 
variables X39 X, O°? X¢ from the plan. It is not difficult to 
show that the derivation from the plan of variable X. or X¢ will 
lead to a disturbance of limitations imposed on (9.12) according 
to the condition of the problem. 
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become.the basic variable, and one. of the variables X 


Actually, if x3 = 0, then, as follows from (9. 15), X 
= 0. 625, By substituting values x = 0.714 and xX, = 0 ie i into 
expression (9.25), we obtain. ty = 1 = 0.428-0.750 = -0.178, ‘which 
is inadmissible according to the condition of the problem. The — 
same is cbtained if X, = 0. In this case from (9.18) 


; 108%, 
Meee 
Substituting this value into (9.15), we obtain X,=1- 1.6X,, 
= -0.712 


Now the target is reached. As an initial plan it is possible 
to take X, =X, = 0, X, = X, =X, = X, = 1, and value L, opposite to 
the value of the expected damage, will in this case be equal to 0. 


Let us try to increase L. From expression (9.12) it is 
apparent that the introduction of X; into the plan is capable of 
increasing L. Let us see in what dimensions it is possible to allow 
the introduction into the plan of variable X). 

The equality X, = 1 1. 4X, Shows that X. can be introduced 
into the plan at a value not ‘exceeding 0.714 ( ‘vherwise X, will take 
a megetive value), 


With the introduction of variable x, into the plan, it should 
3? ahs Xo 

and X¢ Should be excluded from the plan, i.e., should become a 

new nonbasic variable (variable X, remains nonbasic). In accordance 
with item d of the algorithm, let us determine this new nonbasic 
variable, From equality (9.15) it follows that X, cannot be 


excluded Trom the “pren, since otherwise this equality will be 


destroyed. 


It is also not possible to make the variable Xe nonbasic, since, 
as foliows from expression (9.17), X, = 1 - 0,6X, - 1.2X,, and 
in the case X5 = 0 value x, becomes inadmissibly large: 
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Let us recall that value x, cannot "exceed the value equal ts 
G.71&. For this reason the variable Xe ‘also capnct be derived 
from the plan, since with equality X,; > c, x = 1. 25. p 


Thus, with the introduction of X, inte the pian, variable Ky 
shoule be excluded from the pian and made nonbasis variable. Let 
us express the variabie X, being introduced d4nto the plan ty a 
variable Xe derived from the plan: 


1990-085, -% aaceee 
“Since %, = 0.714 (since 4, is aiso a nonbasic variable), Xx, 

in aceerdance with (9,20) will be defined as k, * 0.476. Substitut~ 

ing x, and 4 inte (9.15) and (9.28), we will cttain X3 amd X¢% 

X, ™ 0,236, i> 0.238. 


Let us determine value L: L = X, + 2 = 1.196. The obtained 
plan X, =X, = 0, X, = 0.714; X= 0.476; X, = 0.2365 Be = 0.2365 
L*» 1.156. 


The circumstance that the introduction of xX, or Xz inte the 
plsii does not increase vélues L indicates that the obtained plan 
is the best. 


Hence, by using expression (9,11) we will obtain P 


Py * 0.4; M = 0,84, 


17 0.6; 


The obtained solution is interpreted in the following manner. 
The defender should use either the first pure strategy (complex No. i 
fires at the target 1, complex No. 2 ~ target 2), or the second 
(complex No. 1 fires at target 2, complex No. 2 ~ target 1). In 
this case the selection of the strategy should be determined with 


probabilities P, = 0.6 and P, = 0.4, respectively, 
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The positive feature of the simplex method is its generality: 
if. is appiicable for the® ‘solution of any problem of linear 
_ programning. Its basie shor teoming is its unwieldiness. In the 
solution to problems with a iarge quantity of variables, a very 
Large amount of time is expended for their solution, which frequently 
with the conducting of combat operations is inadmissible. In 
connection with this, such modifications of the simplex method 
are used which are more simply realized in the form of algorithms. 


Let us examine the solution to the target-assignment problem 
by mearis of one of the modifications of the simplex method - 
Hungarian method (thus named in memory of the Hungarian mathematician 
Koenig). 


9.4. Solution of Target-Assignment 
Protlems by the Hungarian Methcd 


For the solution of targeteassignment problems the matrix 
of Gamages is complied: 


CCCs oe Cig 
Cx oe Cre (9.21) 


CurCusCas. ove Crm 


where Cy is the damage inrlicted by the attacker on the defender 
with the appiication of the i-th active means on the jeth target. 


it 13 necessary to distribute thus the active means on the 
targets in order that the expected total damage would be minimum. 
In principle the optimum soluticn of the problem can be obtained 
if we sort out all the possible wolutions and select the best one. 
The number of such solutions depends on the number of lines and 
columns in the matrix of damages, 


For example, for the matrix with 5 lines and 5 columns in all 
there can be 1-2°3-4-5 = 120 solutions. With & lines and 6 columns, 
solutions for comparative evaluations are already 1+2+3+4-5+6 = 720. 
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If the matrix has 20 lines and 20 columns (20 aircraft of the 
attacker against 20 active means of the defender), then the number 
of all solutions will reach 2-4-1027, if for the composition of 
one solution the computer expends i us, then 7.74 thousand years 
will be required for the finishing of the solution to the problem 
to the very end. Such problems in which we are speaking of more 
than about six distributions, as a rule, are not solved dy the 
enumeration of all solutions (with the exception of separate, very 
special cases,. At the same time the successful solution of the 
target-assignment problem can be achieved if we use the Hungarian 
method, the essence of which is explained in the following example. 


Five aircraft produce a raid on objects of the area which are 
covered by five active means (uniform or different). The matrix 
of the damages selected for an example randcemly in this case takes 
the following form (Table 9.5). 


Table 9.5. 








i 75 | 15 9 85} 12 
2 16 165 | 105 | 5 105 

3 " | 42 3S ] 45 | 55 
4 45 | 8 “4. | 175 | 13 
8 3° | 95 | 85 | 12 175 


KEY; (1) Number of active means, j; (2) Number 
of target i. 


Elements of the matrix are the probable damages in each 
variant of the target assignment. It is necessary to distribute 
active means on targets so that the total damage would be minimal. 
The Hungarian method is based on the principle according to which 
the optimum character of the solution (or solutions) of the 
problem of target assignment is not disrupted with a decrease 
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(or increase) ct 211 the row elements of the table (or its column) 
expressing the probable damages ty the same value C. Finally, 

the target-assignment problem is represented : by @ matrix the elements 
of which are numbers 0 or 1, whereupon in each row (or in each 
column) there is only one unit (or zero) symoblizing the selected 


_ walue of the probable damage, 


The process of solving the target-acsignment problem by 
the Hungarian method is divided into six vtages. 


Stage [, The cbtaining of zeros, 


Ampng the elements of each coiumn of the table the smallest 
is selected, This smallest element is subtracted from all the 


elements of this column. A matrix is composed the elements of 
which are the differences 


Cg = Cry — mia Cip 


where the subscript 1 is the row, and the subscript 3 is the column 
(for example, Chy means the element belinging to row 1 and column 4). 
Having made stage I, we obtain Table 9.6. The described method makes 
it possible to obtain at least one zero in each column, 


Table 9.6. 





) hewep sctesnere 

( 2) cpeacrea, J t 2 3 | : 3 i 

Houep nese t | 
1 13 7 | os | os | 65 
2 ifs 85 2 o | 5 
3 7s 718 6 6 0 
4 0 0 §5 125 75 
& 65 15 0 7 12 





KEY: (1) Number of active means J; (2) Number 
of target i. 





In an example (Table 9.5) it follows to subtrsst 8.5 from all 
elevents of the first colum, 8 from al? elements of the second 
colum), ard so cn. 


Stage 11. Search for the optimal soluticn. 


With the help of zero values C it is necessary to produce a 
search for the solution for which the total damage would have a 
zero value. If this is possible, then the optimum solution 4s 
found. Otherwise one should pass on to Stage III. 


The search for the solution begins from an examination of 
tnat line (or those lines) which contains the smallest nunmoer of 
zeros. Let us enclose by a small square one of the zeros of 
this line and ther, delete the zeros which are located in the 
same row or same column as that of the enclosed zero. Then among 
the remaining rows let us find that one (or those) which contains 
the least of all zeros, and we will repeat the same process until 
we will be able to enclose no more new zeros by small squares. 


In Table 9.6 at first by a small square the element 
Coy is distinguished, then C35» Cs3 and finally Cui and Cyo is 
cancelled out although it would be possible to enclose Cy and 
cancel out Cy (Tabie 9.7). ; 


Table 9.7. 





Tabie 9.7 does not give the solution with a zero value. 
Actually, if we complete the target assignment by the selection of 
element Cios then the obtained solution will be 7+0+0+0 + 
+927. Consequently, transition to the next stage is necessary. 


Stage III. Searches for the minimum set of rows and columns 
which contain ali zeros. 


The actions of stage III are fulfilled in this sequence: 
a) marked by a cross (*) are all those rows which do not 
contain one zero enclosed by a small square; 


b) each column containing a cancelled zero at least in one 
of the marked rows is noted; 


c) each line having a zero enclosed by a small square 
at least in one of the marked columns is noted; 


d) actions b and c are repeated in turn until there remain ».- 
lines or columns which can still be marked. 


This process makes it possible to obtain the minimum number cf 
rows and columns which contain ail the deleted or enclosed Zercs. 
In the example in question one should mark line 13 there are no 
columns which could be distinguished (Table 9.8). : i 


Table 9.8, 





RSE Pe ae 


A Nae ea 
‘ 4 


Dah hh Rk ABE i NS cg hil aly 
, it 


PS es. 


PSUS. 


ir 


ONS NN TT CE ea ee ae Te 


Ve VRPT ET 


ARMPIT ET ef ote 


ELAS T TA  e eT TELE ET TE ETT 





Stage IV. Completion of Stage TII. 


Let us delete each unmarked row and each marked column, wh2cn 


‘will make it possible to isolate the minimum number of revs and 


columns containing all deleted or enclosed zeros of the matrix. 


In Table 9.8 it is necessary to delete lines =, 3, 4 and 5 
and net cross out the columns, 


Stage ¥. The transfer cf some zeros, 


Let us examine the part of the m-trix consisting of undeleted 
elements, and let us select smallest number in it. Let us 
subtract this number from elements of the undeleted columns and 
let us ada to the elements of the lines. 


In Table 9.8 elements of the row 1, the smallest element 
of which is equal to 0.5 are not lined out. Let us subtract it 
rom ali elements of columns 1-5, and let us add to elements of 
rows 2-5, which is actually equivalent in this case to the subtrac- 
tion of 5.5 from eiements of the first row (Table 9.9). 


Table 9.9. 
i 2 3 
t 
3 
2 
3 
4 
8 





Stage VI. Obtaining of the optimum solution or transition 
to a new cycle. , 


According to Table 9.9 it is necessary to find the optimum 
solution according to rulee of the second stage. If the latter is 
found, then the processes of solvir.g the problem is finished. 
Otherwise all the stages are repeated... 


As 4 result of the use of rule of the second stage data of 


Table 9.10 are obtained, and it contains new deleted or enclosed 
zeros. 


The fulfillment of stage III makes it poseible to mark 
row 5 and, consequently, column 4, on the basis of which there 
appears a mark opposite row 2, Let us line through rows 3 and 4 
and columis 3 and 4; this will consist of stage IV (Table 9.11) 


Table 9.410. 
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The transition to stage V makes it possible to find the 
smallest number (1.5) of the free part of the matrix (Table 9.11) 
and subtract it from elements of column 1, 2 and 5 and then add 
elements of rows 3 and 4. As a result the following matrix is 
obtained (Table 9.12). 


At this time the new use of operations of stage II gives the 
zero solution entirely; 


MaCy + Cet Cis + Cit C=O, 


which is the one sought. In the initial matrix (Table 9.6) this 
solution corresponds to the damage MeCy4Cy+Cyo- Cy tC 2454954945455 = 535 
(arbitrary units). 


The obtained solution can be represented by the matrix of the 
target assignment in the form of ones and zeros. Instead of the 
zeros, enclosed by small squares, ones are placed, and instead of 
all the remaining matrix elements - zeros. 


Thus, the solution which leads to the minimum total damage of 
33.5 arbitrary units, proves to be the following: 


lst active means is assigned to target 4. Damage of 4.5 
arbitrary units. 
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2nd active means is assigned to target 5. Damage of 9.5 
arbitrary units. 


3rd active means is assigned to target 1. Damage 9 
arbitrary units. 


ith active means is assigned to target 2. Damage of 5 
arbitrary units. 


5th active means is assigned to target 3. Damage of 5.5 
arbitrary units. 


TabjJe 9.13. 





A similar calculation makes it possible t» determine the 


maximum total damage of M = 83.5 arbitrary units. Between the 


max 
best and worst solutions there is a difference of 50 arbitrary units 
and there are an additional 118 intermediate solutions (not 
necessarily differing from each other essentially; thus, for instance, 
the solutions Cio» Coss C350 Chrys C53 and Clos Coys C35 Cos and 

Coy are equivalent to each other), 


This algorithm of the solution of the target assignments 
problem based on Hungarian method is simply implemented in the 
form of a program of operation of the computer, since in this 
case it is necessary to carry out only two operations: 
subtraction and comparison. 
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CHAPTER 10 


COMBAT EMPLOYMENT OF AUTOMATIC CONTROL 
SYSTEMS IN AIR DEFENSE FORCES 


A number of the technical solutions accepted in contemporary 
automatic control systems [ACS] (ACY) abroad can be of interest, 
since it shows the means of the automation of control of combat 
operations and also the basic directions of technical thought 
in the solution of problems which confront forces of antiaircraft 
defense. 


This chapter is devoted to questions of the practical 
realizaticn of the ACS arising during the armament of air defense 
forces of armies of the capitalist states. 


10.1. Basie Functions Being Fulfilled 
by the Combat Crews of Control Posts 
Equipped with Acs 


The center of the control system of combat operations of 
forces of antiaircraft defense is the control post, on the combat 
crew of which is placed the responsibility for the timely 
detection of the air enemy, the recognition of aerial targets 
within limits of its combat area, the warning about an air raid, 
the bringing into combat readiness of all means of antiaircraft 
defense, and the control of these means during the repulsing cf an 
air raid, 
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- In accordance with this on the control posts the combat 
crews fulfill the following basic functions: 


- gathering of information from the subordinate means of 
detection of the air enemy; . | 


- recognition of the detected aircraft; 


- pracessing of the entire incoming information in accordance 
with the program composed in advance; 


- preparation of possible variants of the use of combat 
means for repulsing a raid of the air enemy; 


- clear representation of the aerial situation and state of the 
subordinate combat means; 


- development of instructions for controlling combat means 
and the transmission of these instructions to the direct executors. 


- development of instructions for controlling the means of 
the detection and transmission of these instructions to the 
executors; 


=- carrying out of the mutual exchange of information with 
neighbors; 


- obtaining of instructions and information from the higher 
control post, and also the transmission of the necessary informa- 


tion to the higher control post; 


- obtaining and transmission of information about the flights 
of own aircraft. 
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Naturally, the effectiveness of the combat operation of crews 
of the control posts is determined by the degree of automation of 
‘the fulftllment of these functions, Contemporary air defense systems 
are almost completely automated and the majority of the enumerated 
functions is accomplished with the aid of special equipment, the 
operating speed and accuracy of operation of the operators. ‘The 
principle control post of the ACS is the computer (one or several), 
which fulfills the entire totality of operations on the processing 
of incoming information to the centrol post, the clear representae 
tion of the situation, the preparation of data for making a 
decision on the use of combat means, the development of instructions 
of control and guidance. 


Information about the aerial enemy comes to the control 
post through channels of the transmission of data from radar sets 
and radar altimeters., Information from radar i: taken either 
ausomatically or semiautomatically. The information is coded and 
transmitted only automatically. 


Information about the state of one's own combat means, and 
also information of a secondary importance can come to the 
control post of system in a nonautomatic way and be introduced 


in a computer as needed by the operator with the aid, for example, 
of punch cards. 


Since all sources of information and intermediate elements 
function asynchronously, i.e., the information comes to the control 
post with a different speed and discreteness, then the computer, 
in using the external memory units (storages), processes this 
information in sequence and at a speed determined by the program 
of the machine operation and in accordance with the significance 
of the individual forms of information, 


jeg 











The information being issued by the computer of the control 
post, can be divided into the following four basic forms: 


- information of the control being transmitted to units and 
subunits of she antiaircraft guided missile [SAM] (3YP); 


- information of the control being transmitted to subordinate 
control posts; 


~» info: mation of the control of radar means of detection 
of the wir enemy; 


» information of the control (guidance) being transmitted 
to the side of tne fighter interceptors found in the air. 


The entire information is renewed (in the opinion of foreign 
specialists) with the required frequency and is transmitted to 
the line of communication automatically in digital code. 


At the command post auxiliary information not requiring high 
speed of transmission is developed. This information 1s transmitted 
along ‘command lines of communication without the use of high-speed 
automatic equipment. 


The computer of the control post develops also the entire 
necessary information for the graphic representation of the air 
situation and state of one's own combat means. The latter is 
automatically represented on a different kind of signal panel ard 
plotting boards connected with computer. 


10.2, Removal and initial Processing 
of Informaticn on the Radar Connected 
with the ACS 


The information obtained directly from the radar due to the 
presence of a large quantity of false targets greatly overloads <he 
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comunication lines and the computer of the control post. 
Therefore, on the radar joined with the ACS the filtration and 
screening cf surpius information are carried out. Purthermore, the 
useful information is converted into a binary code. The equipment 
{ntendéd for the fulfillment cf the indicated operations is 
{nstalied directly on the radar and is a specialized computer. 


As a rule, this computer consists of two parts: equipment 
for the removal ard processing of information entering fror. the 
radar and equipment providing measurezent of the flight altitude 
- Gf the targets. 


First part of the computer obtains information from the radar 
and identification equipment (Fig. 10.1). It separates the usefui 
signeis from the noise and determines the coc.dinates and nationai 
identity of the targets. Then the e~.tire obtained infcrmation is 
converted intc a binary code. This part of the computer operates as 
a system of the mass servic{.:. with limited waiting. In a ccmplex 
air situation when not all the information can enter into the 
communication line, the obsolete information is erased. In 
this case it is assumed that the lost information wiil be renovated 
and transmitted in the next review. 


Stored in the output device of the computer is all the 
information about the target which is transmitted tc the control 
post of the ACS. Transmitted to the control post are the target 
azimutn and range, the storage time of the information, the 


eriterion of reccgnition, the synchronizing pulses anc a number of 
other data. 


The second unit of the computer » the equipment which provides 
measurement of the flight aititude of the targets - is intended for: 
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~ obtaining from the coritrol post of inquiring instructions 
about the neec for height measurement 5 


- for the development of the instructions of target designa- 
tion to the radar altimeters; . 


~- for development and transmission to the operator of the radar 
altimeter of visual information and data for making & decision end 
for the transmission of this decision to the controi post of the 
ACS. * a ; 





Na AY AC¥(10) 
Ne 





Rea 
f hq. Ay.f, ApUINGR : 
. disataverles w op) (11) 
+ e@ macy © 
(%q Ve Muity Ka} 


Fig. 10.1. Functional communication diagram of a radar 
unit with the computer for the removal and initial 
processing of information. 

KEY: (1) Identification equipment; (2) Altimeter; 

(3) Identification; (4) Radar set; (5) Computer; 

(6) Video signals; (7) Removal and processing of 
information; (8) Height measurement; (9) To coordinate 
converter of ACS (B. Av» t criterion of recognition, 


synchronizing pulses and others); (10) To control post 
of ACS; (11) From control post of ACS. 
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Tne flight altitude of the target is determined thus. Coming 
from the control post of the ACS to the computer is an inquiry 
through the line of communication about tne height of a specific 
target. Contained in the inquiry cudes of the target position 
data Xi» and Y_, the supposed value of the height, and also the 
number of the radar unit and number of the target. Computer 
converts the rectilinear coordinates into polar (6, A,)- The 
value of the azimuth of the target BY is converted into the 
position of the shaft which is transmitted to the antenna cf the 
radar aitimeter, and values of target range A, and the supposed 
flight altitude H{(7) are converted into voltages which are used 
in the radar altimeter for the development of the range and 
height gates. On the obtaining of inquiry instructions the altimeter 
turns the antenna around to the assigned azimuth and develops 
the range and height gates, wnich correspond to the indicated range 
and Leight. The fact that the antenna :s ‘.rected toward the 
target it is possible to be convinced by the visual signals on 
the appropriate panel and by the glowing marks on the height 
indicator screen, which are intersected near the mark from the 
target the height of which must be measured. 


The operator of the altimeter measures the height of the target 
by means of a control wheel, which moves the height mark on the 
screen. Located on the axle of the control wheel is a sensor 
of the scale altitude puises, From this sensor the altitude value 
enters into the altitude register and then is automatically 
transmitted to the control post of the ACS. 


10.3. Information Processing and the Control 
Combat Means of Control Posts of the ACS 


It is advantageous to examine this question in the example of 
the operational center of the air defense sector equipped with the 


semiautomated "Sage" system. The operational center (Fig. 10.2) 
carries out the following missions: 
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- it processes information about the air situation (monitoring 
and filtration of input radar information, r«finement and generaliza- 
tion of data of the air situation, final recognition of targets); 


- it controls combat air defense weapons. (The control 
Includes the distribution and selection of militaiy weapons.) 


Let us examine how these problems are fulfilled. 


sate hy 


Information about the air situation enters into the operational 
center from early-warning radar and radar posts intended for the 
detection of low-altitude targets. This information passes the 
initial processing directly at the radar stations equipped with 
equipment of automatic removal, which does not exclude the 
possibility or the transmission of individual false targets and 
rendom noise and does not allow (especially in a complex air 
situation) tne transmission of supplementary data on the target. 
in connection with this there appears the need ror controlling 
and filtering out the input radar informaticn in the operational 
center and produce secondary and tertiary information 
processing. 


Racer information about targets which enters into the opera- 
tional center in digital code consists of two numeric words follow- 
ing 10 ps after each other. The first word, ten-digit, contains 
the code of the radar number (4 digits) and codes of supplementary 
characteristics of the targets (5 digits). The second word, which 
is a twenty-two digit word, contains information about the azimuth 
of target (12 digits) and target ranges (10 digits). 


The monitoring and filtration of the input information are 
conducted by operators of the monitoring of the input data with 
the ald of special equipment the logic circuits of which separate 
the entered message into parts and direct it along the appropriate 
channels for further processing. The subsequent processing 
consists in the deciphering of codes of the radar number and type 
of target in the conversion of codes of azimuth and range into the 
voltages corresponding tc them. 
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Equipwent for monitoring and filtration maxes it possible 
to look over the entire input information about the air situation 
from any of the 15 radar sectors. Furthermore, it makes it possirle 
to distinguish and issue for display 14 types of targets or objects. 
The presence of a selector of the type of terget makes it possible 
for the onerator to determine which types of targets are contained 
in the input information and filter the unnecessary signals. 


Two operating modes of the equipment are provided: 
- scarring on the indicator of one and any type of target; 
=- scanning of all targets simultaneously. 


In the first mode the operator can automatically introduce the 
data on all examined targets into the computer, and in the second 
mode the selected targets are introduced by the operator semiautoe- 
matically. The selected information enters inte the buffer 
storage of the computer. 


The air situation is more precisely formulated and generaiized 
by several operators, For each operator there is a panel of 
combat control with indicators using charactrons. From their post 
the operators manage all means of the detection of aerial targets 
and when necessary, for the refinement of the situation, are 
connected with the radar of their sector and with neignboring ~ 
operational centers. 


Further processing of radar information occurs in the computer, 
which converts the coordinates from the polar system into the 
rectangular system ana ties them to the given operational center. 
After the converting of the coordinates from all the radars and 
the oringing of them into a single reference system, the newly 
entered data on the targets are compared with those earlier entered 
and extrapolated for the moment of the obtaining of new data 
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' (Pig. 10.3). The computer, according ts the nature of the 
- trajectory, velocity «nd nuaber of other criteria, determines the 


coincidence or noncoincidence of the data. If the data within the 
determined permissible limits coincided, then the computer, in 
plotting the course of the target, smooths it in accordance with 
the new data and extrapolates the course to the following period 
of the field of the radar scanning. This course enters into 

the storage (storage unit} of the extrapolated courses and 
4ndicators for display. 


If the data does not coincide, a new mark is fixed as the 
possible new target, the data on it enter into the storage unit 
of the data on all unidentified turgets, and ‘he computer sends 
to the operator a signal in the form of specific mark on the screen 
about the nonccincidence of the characteristic or presence of 
a possible error. At the will of the operator further data process- 
ing is conducted automatically or manually. 


With automatic processing the newly entered data on the target 
are compared with the earlier entered data on the unknown target~- 
which are stored in the storage of the computer. If the data 
coincide, the computer introduces them into the storage as a 
target, confers a number on it and goes to automatic tracking. 

The target is illuminated on the indicators, and by a mark from the 
target primarily the altitude and all the remaining characteristics 
are measured. With the noncoincidence of the datz the computer 
stores them in its storage during twoethree scannings of the radar, 
comparing them with the foregoing scannings, and if noncoincidence 
continues to take place, the newly discovered mark is considered a 
new target and is transferred with the new number into automatic 
tracking. The previous data, which are stored in the storage, are 
erased from the storage of the computer, 
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Fis. 10.3. Diagram of the processing of radar information 

in the operative center of the Sage system: 1 — Decoder of 
the operative center; 2 - Monitoring of input radar data; 

3 - Input buffer storage; 4 - Converter of coordinates; 

5 - Comparison of courses; 6 = Extrapolation of courses: 

7 - Storage unit of the extrapolated courses; 8 - Storage 
unit of data on unidentified targets; 9 - Comparison with 
previous data of unidentified targets: 10 ~ Input of riew 
target for automatic tracking; il - Comparison of data on 

the indicator; l2 - Identification operator; 13 = Comparison 
with data of unidentified targets in the future; 14 - 
Evaluation of the data on the indicator; 15 - Evaluation 

of data by the computer; 16 - Unit for comparing courses. 
KEY: (a) Information from radar; (b} Call of supplemental 
data; (c) Communication line; (d) Manual processing; (e) 
Course did not coincide; (f) Course coincided; (g) Automatic 
processing; (h) Data coincided; (1) Data did not coincide; 
(j) Flight Plans; (k) Manual input of new target; (2) Erasing 
of data (noise). 
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With the manual method of processing 2 entire radar 
information about targets is scanned on the indicators. For an 
analysis the operator can request from the computer or the radar 
supplementary information about the flight altitude, course and 
speed of target, induce information about the flight plans of 
his aircraft, ard so on. The infcrmation requested by the operator 
is represented on the indicator. Operator's task is reduced to 
the comparison of the aiready available and newly obtained data 
and an analysis of the observed picture of the air situation. 

The operator makes the decision about the presence of a target 
or noise, erases the noise signal, introduces the target position 
data into the storage of the computer. 


Besides the refinement of the air situation, the operators 
of the battle station generalize it. When the target is tracked 
by several radars, on the indicators several marks can appear from 
it. wueneralization of the marks can be carried out by an operator 
manually. Ttie computer is capable of analyzing and generalize the 
marks about the target automatically. 


With a complex air situation the information can be enlarged 
both manually (by the operators) and automatically (the computer). 


After the refinement, enlargement and generalization, the 
entire information is transmitted to the group of operators of the 
identification, who with the help of identification equipment on 
the radar identify the target. From their own (military) aircraft 
on the scopes different signs (for example, crosses, numbers or 
letters) are illuminated. A  =rget can be identified for two 
reasons: either this is a foreign aircraft, or on this aircraft 
the responder of the identification equipment is absent. 


With the appearance on the scope of a new unidentified target, 
on the control panel the buzzer sounds and a signal light ignites. 
On this instruction the operator puts the computer into the mode of 
“he comparison of data from this target with the flight plans 
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previously introduced into the computer with the help of a keypunch 
machine. The flight plan contains data on the course, speed, 
altitude of the flight and the supposed time of arrival of the 
aircraft into definite points. Data on the unidentified targets 
enter into the unit of the comparison of courses, where they are 
compared with the known flight courses of their own aircraft. 
With tne agreement of the courses the computer qualifies the 
target as its own aircraft and marks it on the indicator by the 
appropriate sign, and with noncoincidence it issues to the 
indicator the sign of a "foe" (letter H in the log book). 
Furthermore, the information about this purpose transmits itself 
on the screens of the operators of the selection of military 
equipment. 


The entire information about opponent's targets and also 
about the unidentified targets enters into the indicators of the 
post of the distribution of combat means and guidance. The senior 
operator, by cholce and distribution of combat means, tracks the 
distribution of the targets between the individual operators and 
achieves the general monitoring. Operators of the selection 
of combat means is responsible for the rapid and most rational 
distribution of active means at targets. Operators of guidance 
directly guide thc assigned active means at the target or 
control the guidance if it is achieved automatically. 


The means between the operators are distributed by the ‘ 
computer, taking into account the place of the determination of the 
targets and their position relative to the active means of the 
sector. For the designation of the weapon to each target, the 
computer analyzes the state of all the active means of the sector. 
Primarily the readiness of the interceptors is checked. After 
this, depending on the characteristics of the target, the guidance 
method is selected. Then the computer determines the position of 
the interception point, the flight time of the interceptor to this 
point, and the quantity of fuel necessary for the carrying out of 
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the combat mission. By comparing this quantity of fuel with the 
&vailable reserve, the computer determines the correspondence of the 
range of the interceptors and the target range. By comparing 
results of the calculations, the computer selects the possible 
Va.iants of the use of active means with minimum time for 

the interception and determines which of the operators of the 
selecticn of the combat means there will be transmitted this 

target and versions of solutions for it. 


On the indicator of the operator of the selection of combat 
means the tactical situation and variants of the solutions 
processed by the computer are represented (Fig. 10.4), For all 
comput:.tions on the evaluation of the different active means and 
calculations of variants of solutions the computer spends 
0.05 seconds. Having the indicator with the applied situation 
before himself, the operator makes a decision for the selection of 
those or different means of interception. In this case he can 
agree with one of the variants proposed by the computer or 
partially change it or propose his own variant. The operator 
introduces his decision into the computer by means of pressing 
the appropriate knob. 


After tle selection of the combat means, the control of them 
for the target kill of the enemy is placed on the guidance 
operators. 


The computer transmits along the communication line to the 
airfield or to the control of the SAM a signal about the takeoff 
of interceptors or about the launching of a SAM. After detection 
by radar of the interceptor which took off, the latter is taken 
by the computer for automatic guidance, and the computer begins 
to solve the problem of guidance and also selects the guidance 
Operator responsible for this operation of interception, sending 
tc him the forewarning signal. On the scope selected by the 
computer of the guidance operator in the form of conventional 
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symbols, the entire information necessary for guidance is 
represented, During interception the computer continuously 
calculates the necessary data for control of the interceptor, 
taking ints account the maneuver of.the target, weather conditions 
and a number of other factors. 





Fig. 10.4, Scope of the operator of 
the selection of combat means with a 
display of variants of decisions of 
the computer, 

KEY: (1) Aircraft of the eneiiy; (2) 
Proposed interception point; (3) Time 
of interception; (4) Airfield; (5) 
Fighter interceptor; (6) Zone of 
coverage, 


Instructions of guidance can approach the edge of the 
interceptor by several methods: 


- automatically, directly to the autopilot; 


- automatically in the form of the vocal signals formed in 
the computer which the Pilot takes by radiotelephone; 
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- semiautomatically processing of instructions of guidance 
4s automated, instructions of guidance are represented on a special 
signal panel in front of the operator cf induction, and the latter 
reports them to the pilot on an ordinary radiotelephone). | 


Guidanee continues until the target <«ppears in the visibility 
range of the airborne radar of the interceptor and is detected by it. 
On the termination of the operation on interception, the operator of 
guidance turns a switch on the control panel to the position 
"Return to base." With this computer it produces the optimum 
data for the return of interceptor to the landing airfield; the 
data transmit themselves to the edge of interceptor automatically 
or by the operator. 


If for the interception of the target the antiaircraft guided 
missiles Nike is selected, then the computer of the operative 
center sends a target indication signal to the control post ACS of 
the SAM, according to which the computer of this very system solves 
the problem of target assignment and missile guidance to the 
indicated target. 


10.4. Brief Survey of Some ACS 
of Capitalist Countries 


The Fire Control System of SAM 
Batteries of Missile Master 


The system Missile Master (Fig. 10.5) is intended for the fire 
control of the SAM's Nike Ajax, Nike-Hercules and Hawk. It should 
provide the antiairecarft defense of separate objects. The system 
Missile Master can operate both in conjunction with the "Sage" 
system and independently of it. The system can coordinate fire for 
up to 90 launchers and is intended for the execution of the 
follow:ng functions: 
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- obtaining informaticn about the air situation from the 
Sage system or from its (loeal) radar sets; 


~ providing the commander and officers of the control of the 
necessary data for making decisions; 


- coordinating the fire of batteries of SAM's while maintaining 
their right to select independently targets for bombardment, 
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Fig. 10.5. Simplified diagram of the control of the 
complex of Nike SAM by means of the System Missile 
Master: 1 - Height finders; 2 = Detection radar; 

3 - Target-tracking radar; 4 . Missile-tracking radar, 
KEY: (1) Launch area of fire batteries 0.2.2 km; (2) 
Battery; (3) Control area; (4) Fire control equipment of 
batteries; (5) Equipment of the control of interception; 
(6) System of the fire coordination of batteries; (7) 
Sage system; (8) Computer; (9) Indicators. 
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The svsten consists of the fcliciting basic elements: 
_« radar equipment for o>taining data on the aerial situation; 


= control post with instrumentation fer the automatic 
processing of data and their display; 


~ weans of fire control of SAM batteries; 


~- system of the automatic transmission of instructions from 
the contre! poet to the batteries ard the reception of reports from 
the batteries to the control post. . 


The entire information about the zerlai situation enters intc 
the computer of the type AN/FSQe]l installee at the contre] pest. 
By means cf the samprter 211 operations on information processing, 
target assigrment, cutput ef information fcr display on indicators 
if the cperators are automated. The conducting of rire at targets 
at the Satteries is alec automated, ang responsibilities of the 
_ operators are reduced toa monitoring the operation of the equipment 
-and correction of the decisions cf tne computer, 


Av the control pest cf the system, tesides the leader, who 
carries cut general supervision, there are three groups cf main 
operators: 

- operators for the observation and tracking of targets; 

- operatcrs of the fire control of batteries; 

- operators of identification, 

Operators of tne observation and tracking of targets observe 
the aeriai situation on remote indicators and carry out identification 


of all targets in this area, the liformation about which is obtained 
from different scurces of information, including the Sage system. 











: J NK >a-S eae, 10)| 

bizress,,, (12) 1 2 ats aA 

Tee eae Seu ne el 

cre tt) Bp 14) f® (15) . 1 

Fas Da PAC conpeesmderu. bee : ~y 
[¥) wo 


S "(16 
BX RAC Pillay ‘ Fi pe ne | 


a 4 « (27) 
rig OPAC xcoedenua (19) j 


Fig. 10.6. Simplified circuit of the control of the military air’ 
defense system Missile Monitor. 

KEY: (1) Target; (2) Radar Frescanner; (3) Post of data processing; 
(4) Computer Logicpac; (5) Control station of weapon; (6) Minipac 
computer; (11) To other batallions; (12) Control post of battery; 
(13) To other batteries; (14) Radar tracking station; (15) Missiles; 
(16) Detection radar; (17) Launch area; (18) SAM battery; (19) 
Guidance radar. 
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Operators of the fire control of batteries on sign indicators 
estimate the situation and contro? the selection of targets 
between the batteries, eliminating the excessive doubling of the 
fire. 


Operators of identification, having obtained data on the 
national identity of the targets, control the movement of their own 
identified aircraft, The operators have the Capability at any 
mement of stopping the conducting of fire at the aircraft 
erroneously accepted as deing foreign, 


Of the other air defense Systems of the USA, one ought to 
mention the systems of Buic , Birdie, of Missile Monitor, military 


mooile systems Helilifrt and Mauler, and tactical Systems "412L" and 
TACS. 


From the English air defense systems most important are the 
Bloodhound and Fire Brigade systems, 


In France the air defense system Strida-2 functions, and in 
Sweden - Stril-60, 


The Buic System is the reduced and simplified version of the 
Sage system. The Buic System is assumed to be the doubling system 
of the Sage when the latter becomes inoperative, 


The Birdie system is &@ considerably simplified version of 
the system Missile Master, The System is mobile and can be 
comparatively rapidly deployed, 


The military air defense system Missile Monitor is intended 
for the antiaircraft defense of the combat area of field armies of 
the USA. The system (Fig. 10.6) is semiautomatic, mobile, and 
adapted for transportation on ground and in the air, In composition 
and operating Principle it is in many respects similar to the air 
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defense system Missile Master, The basic source of information in 
the system ia the three-coordinate (a. B. and e,) radar "Frescanner." 
The removal of coordinates in the radar is semiautomatic by means 

of an electronic marxer connected wtih a push-button mechanism — 

en the exles of which are located the "shaft-number" ccnvertors, 

which maxes it possible to introduce target position data 

directly into the computer. 


At tne post of cata processing there is installed a speciale 
purpose computer "Logicpac,” which processes all the information 
about the aerial situation and sends it to the display units of 
operators of the post of data processing and weapon control post. 

The computer estimates and distributes the targets by subdivisions 
entering into the system. When any battery obtains a target for fire 
action, drawn on the indicators of operators of the weapon control 
post is a glowing line, which connects the Place of deployment 

of the battery with the target blip. 


The control post of the battalion coordinates the actions of 
several batteries and is the connecting line between the control 
post of the air defense of the field army and batteries of SAM. 
The control post of the battalion obtains information about the 
aerial situation from its own radar and from the battery radar, 
For data processing of the aerial Situation and the exchange of 


information between batteries, the computer Minipac (AN/TSQ~36) is 
used, 


At tne control posts of the batteries finally selected are the 
targets for bombardment, and a prefiring check and preparation of 
the SAM's, the target guidance and other operations connected 
with the delivery sr fire are carried out, 


The military system Helilift is intended for the fire 
coordination of SAM batteries placed in a large territory. This 
System is analogous to the Missile Monitor system, 
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Tne military mobile Mauier system is intended for the anti- 
aircraft defense of the advance units of ground forces and is 
a mobile compact system for controlling fire of a SAM. The entire 
system is mounted on one amphibious armored tracked personnel 
carrier. 


‘The autonomous semiautomatic tactical system "412L" 


(Fig. 10.7) is intended for use by the mixed shock air groups of 


the Tactical Air Command of the Air Force outside the territory 
of the USA. The system provides the control of both the piioted 
and pilotless combat means, The system consists of the following 
basic elements: 


« the radar for the assembly of the information about the 
aerial situation; 


- equipment of the prccessing and display of data; 
- communication equipment; 


- equipment for the control of active air defense weapons; 


~- accessory equipment, 


The radar sets detect and determine the coordinates and alse 
identify the aerial targets. For the processing and display of 
the entire information there is used equipment which solves the 
problem of interception an1 issues the necessary data to the 
command for the selection of the most effective weapon of destruc- 
tion. The combat readiness of all means is reflected on large 
Signal panels with polychromatic indication. On a wall screen 
against the background of a map of the area, a general picture of the 
combat situation is represented. By mears of consoles of combat 
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contrel the selection of targets 
their retur:. 
coordination 


» Buidance of fighter interceptors, 
+o their bases after the attack, and the general 
of combat operations are carried out. 


The remaining air defense systems to a certa 


in degree copy 
the descriled Systens, differing only Structurally and vy the 
degree cf the automation of control processes, 
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